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(54) Method and apparatus for processing a semiconductor substrate 

(57) The present invention provides systems, meth- 
ods and apparatus for high tenrperature (at least about 
500-800**C) processing of semiconductor wafers. The 
systems, methods and apparatus of the present inven- 
tion allow multiple process steps to be performed jQ ^ 
in the same chamber to reduce total processing time 
and to ensure high quality processing for high aspect 
ratio devices. Performing multiple process steps in the 
same chamber also increases the control of the process 
parameters and reduces device damage. In particular, 
the present invention can provide high temperature dep- 
osition, heating and efficient deaning for forming dielec- 
tric films having thickness uniformity, good gap fill 
capability, high density, low moisture, and other desired 
characteristics. 



CM 
< 

CO 
CO 

00 

o 

LU 



EP0 843 347 A2 



Description 



The present invention relates to semiconductor processing. 

. M rf^^ ? '''i!"^'^ fabricating modern semiconductor devices is forming a dielectric layer on a semicon- 

5 ductor substrate. As .s well known, such a dielectric layer can be deposited by chenJcal va^d^manlcV^T^ 
convent.onal thermal CVD process, reactive gases are supplied to th^ubstrate S wS^^^ heSid ^emSal 
reactions (homogeneous or heterogeneous) take place to produce a desired film. In a con^t^^ X^JS^l 

« rXure^^s'siTtSSrrr^^ 

Semiconductor device geometries have dramatically decreased in size since such devices were first introduced 

'Z^ 'f^f ^'"^ '"^'"^ ^'^^"'^ ^'^^ 9«"^«"y ^^^^ *e two.yea^^s,rruMoiT^;S 
Moores LavO which means thatthe number of devices which will fit on a chip doubles every two yeis wiS 
fabrication plants are routinely producing 0.5 mm and even 0.35 mm feature L devices. aTS^r^sS^^ 

densrty increases «sues not previously considered crucial by the industry are becoming of greater concern In parbc- 

4 1 as^JflT.^ •^ave features with high (for exa4.le. greater^Z^ 3 ^ 

4.1) aspect ratios. (Aspect ratio is defined as the height-to^dng ratio of two adjacent Lps ) 

^reasingly stringent requirements for processes in fabricating these high integration devices are needed in order 

r? '"^^'^ 'y^^' becomingTad^Cate to 

these requirements. One requirement is that the dielectric films formed in the process of fabricating sTh devTc^s nIS 
to be uniformly deposited over these high aspect ratio features without leaving substantial gaps Tvoir^rth^r 
r^uirement is that these films need to exhibit low shrinkage so that subsequent heating and/or wet etcT J do 

1^1 KiJ' ^ about 450-C are unable to produce low mS Je fflms havim S 

gap-filhng capabilities without opening substantial voids in subsequent heating and/or wet etching stis Tis 

u^fbre^Sr^arP^^or^or""^^^ *°?r^ '^"^ ""^'^"^ ^ KleS^ fi^S 

i.!!c \S L ° '^^^'^ ^^^'^^s f^'Sh aspect ratio gap-fill capability to avoid orob- 

.0 ^Zltl ^^"'^^^"^ "^^^ '"^^ contamination into ?^e waferSg'^^e 

P^°Cf sing steps be mmimized to avoid short circuits and other problems in the devices. As is well known convenS^nal 

I^Th ^ Plas-^a ^"""9 processing experience physical sputterS^Vb^sS 

Tslt ;il'"*'!f' '"S n""™ ^^""^^S contaminato^the subsfrat^ Use o iTLt 

undesirable. An improved substrate processing system, which does not use in situ plas^ fe 

rt^l"r^f "^^y requirements, substrate processing systems must be able to meetthe hiqher 

i^^^rJ^^TlZ'^'' irT- in.egra«on de>^crwirshrX 

n^!^^ VVith the advent of smaller device geometries, ultra-shallow doped regions in semiconductors are 
needed for various applications including, for example. sourceAJrain junctions, channel stop diffu^orS shalS 
40 ren^ .sotetion. etc. For example. MOS devices with channel lengths of less than 0.8 mm o^Ten rZve s^rce 
junc^ons having depths less than about 250 nanometers (nm) for adequate device perform^cT fS J^siSS^ s^ 

^2 T °' '^^^^ ^^^-^ Channel stop regions haSriTdSrcX 

order of hundreds of nm are usually required. For applications requiring ultra-shallowdopid regionsl fe iroorSit to 
provrie unribrm dopant distribution in the doped regions and good control of junction depUi ^ 
« Cun-eni approaches to forming ultra-shallow doped regions, such as ion implantation and gaseous diffusion are 
t?.T:"J°'"' "^r^T- '^'^ ^^'^^^^^ ^ ability to^ntrol depart disSon aX^;:in 

Sln^ dLTl ; "^'^'^ "^"^ "^"^ ^™ach like ion implantaL contrdtg 

T "^l ""'"•"P ''°"«"«^ation of ions at the surface of the semiconduS," Ze 
"al.Also..on.mplantationcause6damagetothesemiconductorsurface.andmethodsfo^ 
.0 age of^en make it more difficult to control dopant distrtoution and junction depth for ultra-sE^llow dc^i r^f^s^ F^^ 

l'^^::^^^''^:' '''' '""^^ '"'^'^ '^^^ ^ ^^'^^-y *° - *annel thro!^?«^?rm'cot 
ductor material and cause damage such as point defects. These point defects, which may lead to irregular andnonuni- 

th^ZfZn-T! !• "^'i'' 'r^- '^""^"^ semiconductor material at high te,^erLtureT("^^^^ 

s b^«St H L^f"^ semiconductor material, however, may further in?reas7tt,e junction d?p5i 

cuTTco^ml^ 'Ll^i ,r TTJ""' '^'^♦^'bution and junctior^^S is S 

cult to control in forming ultra-shallow doped regions. As technotogy progresses to even smaller geometry devices a^ 
a^i^tive approach that is able to control the dopant uniformly and junction depth in ult« s^?rdSL?S fe 
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In forming urtra-shallow doped regions, one arternative approach to the cun-ent approaches of ion implantation and 
gaseous diffusion is the use of a doped dielectric film as a dopant diffusion source. In this alternative approach, a doped 
dielectric film is deposited onto a substrate and used as a source of dopants which are diffused into the substrate to 
form ultra-shallow doped regions. For example, doped dielectric films are deposited at temperatures less than 500^C in 

5 a deposition chamber, and subsequently heated at tenperatures greater than 500''C in a different chanrtber. such as an 
annealing furnace, to perform the dopant diffusion to form the doped region. Controlling thickness, uniformity, and mois- 
ture content of the doped dielectric film Is important in efficiently forming ultra-shallow doped junctions rn the semicon- 
ductor nwterial. Specifically, controlling the thickness and uniformity of the deposited doped dielectric film provides 
some control over the amount of dopants available for diffusion. Limiting the thickness of doped dielectric films used as 

10 diffusion sources also helps to increase wafer throughput by saving deposition (and subsequent etching) time. Moreo- 
ver, a uniformly d^x)sited film with even dopant uniformity can provide a more controlled diffusion of dopants from the 
film into the substrate. As is well known, moisture in doped dielectric films reacts with dopants to bind them in a crystal 
structure, resulting in fewer dopants available for diffusion into the substrate to form doped regions. It is desirable to use 
doped dielectric films having a low moisture content, since these films have more dopants available for use in the diffu- 

15 sion. 

Several problems are encountered with conventional substrate processing systems when using a doped dielectric 
film as a dopant diffusion source. One problem is that *rt is difficult to obtain a high degree of control over film thickness 
and uniformity when using conventional systems to deposit the doped dielectric film. Another problem is that it is often 
difficult to ensure that adequate amounts of dopants in the doped dielectric film are available for diffusion into the sub- 

20 strate to form the ultra-shallow doped regions. A further problem is the existence of native oxides, which act as a barrier 
layer preventing dopants from diffusing into the substrate from the doped dielectric film, on substrate surfaces where 
the ultra-shallow doped regions are to be formed. These problems are discussed in further detail below. 

Despite the advantages of using doped dielectric films as dopant diffusion sources to form ultra-shallow doped 
regions, the protoHem of being unable to control thickness and uniformity of the deposited doped dielectric film when 

25 using conventional deposition systems is of particular concern for two primary reasons. First, the inability to adequately 
control thickness and uniformity of the deposited doped dielectric film using conventional methods and apparatus unde- 
sirably results in a diminished ability to control the dopant uniformity and junction depth of the ultra-shallow doped 
region formed. For example, in a conventional sequential CVD chamber, a substrate rests on a belt and travels through 
various portions of the chamber. In each portion of the chamber, a layer having a certain thickness may be deposited. 

30 Thickness of the deposited film may be controlled by changing the belt speed, which provides limited control. Further, 
control over the thickness and dopant uniformity of the films deposited on different wafers is difficult when attert^ting to 
control film thickness and dopant concentration using belt speed. That is. the thicknesses of the deposited films on dif- 
ferent wafers may vary and be unpredictable, leading to wafer-to-wafer unreliability. Second, being able to control the 
thickness of the deposited doped dielectric film, even for very thin films, is desirable for overall efficiency and increased 

35 wafer throughput. However, conventional approaches have only been capable of forming doped dielectric films with 
thicknesses on the ader of thousands of Angstroms (A). Also, it may be difficult to maintain the thickness of the depos- 
ited film as thin as possible using systems relying on belt speed to control thickness of the deposited film. With thicker 
films deposited conventionally, some dopants may take longer to diffuse into the substrate, since they have greater dis- 
tances to travel before reaching the semiconductor material. Also, removal of such a thick film used as a dopant diff u- 

40 sion source by etching or other technique often increases the total time to process the wafer. With growing pressures 
on manufacturers to inprove efficiency, it is desirable to form the doped dielectric film as thin as possible in order to 
decrease the time needed to deposit and then remove the film. It is desirable to have a method arid apparatus that can 
easily control tiie thickness and dopant uniformity of a doped dielectric film (less than about 500 A thick at ±0.2 weight 
percentage dopant variation across the wafer) that is used as a dopant diffusion source. 

45 Anotiier problem with using doped dielectric films as dopant diffusion sources for ultima-shallow doped regions is 
that adequate amounts of dopants must be available for diffusion into the substrate. Films with high dopant concentra- 
tion are often needed to provide adequate amounts of dopants for uniform diffusion into the substrate to form ultra-shal- 
low junctions. However, moisture absorption and outgassing are two problems relating to adequate dopant availability. 
Doped dielectric films, especially those with high dopant concentrations, tend to absorb moisture shortly after a wafer 

50 is exposed to ambient moisture in a clean room (e.g. when the wafer is ti-ansferred from the deposition chamber after 
deposition of the doped dielectric film to a different processing chamber for the next processing step in a multiple-step 
process). The absorbed moisture (HgO) then reacts with the dopants in the dielectric film, causing the film to crystallize. 
Due to the crystal structure binding the dopants within the film, these dopants become unavailable for diffusion into the 
substrate, even after a subsequent heating of the wafer by rapid thermal processing or annealing in another chamber. 

55 Moisture absorption thus reduces the amount of dopants for diffusion into die substrate. In addition to the moisture 
absorption problem, outgassing of dopants from the doped dielectric film also may occur in subsequent heating steps. 
These dopants diffuse out of the film away from the substrate, resulting in fewer dopants available to be diffused into 
the substrate to form ultra-shallow doped regions. 
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Even If adequate dopants are available for diffusion, the problem of native oxides remains an important considera- 
shallov.dopedreg.ons are to be formed prevert effective and uniformdopantd^^^^ 

oxides. wh.ch act as a drtfusion barrier layer to the dopants, need to be removed. Remo,«ng native cSeVJasT^ 
done using conventonal techniques such as wet etching using liquid etchants. and dry etching using an in situ plasma 
However, using I^ukJ etchants is often difficult to control and may result in overetching the substrate s;;tetrales that 
have native oxides cleaned by conventional methods such as wet etching have shelf lives of less than about one week 
before native oxides begin to form again, making it desirable to process the wafers shortly after the native oxides have 
been removed. Using dry etching to remove native oxides with an in silu plasma results in plasma damage to the sur- 
. face of the substrate. In addition to causing surface plasma damage, .jn sSa plasma dry etching may undesirably result 
.n more metal contamination, as discussed earlier. Accordingly, it is important to efficiently remove native oxides without 
damaging the substrate surface so dopants may diffuse into the substrate uniformly for ultra-shallow doped regions. 

In addition to providing dense, low moisture dielectric films having uniform thickness and high aspect ratto gap-fill- 
ing capability wrth low metal contamination, improved quality and overall efficiency in fabricating integrated circuit 
devices IS also important. An important way to improve quality and overall efficiency In fabricating devices is to dean 
the cfiamber effectively and economically. With growing pressures on manufacturers to improve processing quality and 
overall efficiency, eliminating the total down-time in a multiple-step process without compromising the quality of the 
wafers has t^ecome inaeasingly important fa saving both time and money. During CVD processing, reactive gases 
released inside the processing chamber form layere such as silicon oxides or nitrides on the surface of a substrate 
being processed. Undesirable oxide deposition occurs elsewhere in the CVD apparatus, such as in the area between 
the gas mixing box and gas distribution manifoW. Undesired oxide residues also may be deposited in or around the 
exhaust channel and the walls of the processing chamber during such CVD processes. Over time, failure to clean the 
residue from the CVD apparatus often results in degraded, unrefiable processes and defective substrates Without fre- 
quent deaning procedures, impurities from the residue built up in the CVD apparatus can migrate onto the substrate 
The problem of impurities causing damage to the devices on the substrate is of particular concern with today's increas- 
ingly small device dimensions. Thus. CVD system maintenance is important for the smooth operation of substrate 
processing, as well as resulting in improved device yield and better product performance. 

Rrequently. periodic chamber deanings between processing of every N wafers is needed to improve CVD system 
performance in producing high quality devices. Providing an effident. non-damaging dean of the chamber and/or sub- 
strate is often able to enhance performance and quality of the devices produced. In addition to improving the quality of 
K '='«a™ngs (which are done without breaking the vacuum seal), preventive maintenance 

chamber deanings (where the vacuum seal is broken by opening the chamber lid to physically wipe down the diamber) 
are perforrned between multiple periodic chamber cleanings. Often, performing the necessary preventive maintenance 
chamber deanings involves opening the chamber lid and any other diamber parts that might obstmd the lid whidi is 
a time-consuming procedure that interferes with normal produdion processing 

ledric films with uniform thicknesses and high asped ratio gap-filling capabilities. Optimally, these improved methods 
and apparatus wjl also provide a chamber dean with low metal contamination. Improved methods and apparatus are 
ateo needed for forming doped dielectrk: films as dopant diffusion sources for ultra-shallow junctions. These methods 

H f^^"' °* ^"''''^""y '^"'""^ '° «"edive and uniform dopant diffusion 

from the doped dieJednc layer without causing significant surface damage to the silicon wafer. Further, for some appli- 
catoons It IS desirabte to provide multiple deposition and deaning capabilities in a single chamber with a simplified 
^1 .T"""® consumed for different types of deanings. What is needed, therefore, are systeo^ and 

meth«ls that are capable of high quality, efficient, high temperature deposition and effident. gentle deaning. In partic- 
ular, these systems and methods shouki be designed to be compatible with processing requirements for faming 
devices with high asped ratio features, and for forming ultra-shallow doped regions. 

It is the objed of the inventioi to provide aa method and an apparatus for processing a substrate whereby an effi- 
SsJSSs'ible lowmoisture dielectric films with unifomi thfcknesses and high asped ratio gap-filling capa- 

Accordirig to embodiments the invention relates to a method and apparatus for forming dielectric films over high 
asped ratio features at temperatures greater than about 500-C. with the dieledrk: films having tow moisture content 
and low shnnkage. Embodiments of the present invention are particularly useful to deposit doped dieledric films sudi 
^ boropho^incate glass (BPSG) films, borosilicate glass (BSG) films, or phosphosilicate glass (PSG) f Ums. and to 
form ultra-shallow doped regions used, for example, as source/drain jundtons a as channel stop diffusions in shaUow 
trench isolation. In addition, embodiments of the present invention may also be used to deposit doped dieledric films 
used as premetal dieledrk: (PMD) layers, intermetal dieledric (IMD) layers, or other dielectnc layers. Further embodi- 
rnents o the present invention may further be used to deposit undoped dieledric films, such as undoped sificate glass 
(USG) films used as shallow trench isolation filling oxides, insulating layers, capping layers or other layers 
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Embodiments of the invention provide methods and apparatus for high temperature (at least about 500-800"C) 
processing of semiconductor wafers. Embodiments of the present invention include systems, methods and apparatus 
which enable multiple process steps to be performed in situ in the same chamber to reduce total processing time and 
to ensure high quality processing to produce high integration devices having high aspect ratio features. Performing mul- 
5 tiple process steps in the same chamber also increases the control over process parameters, substantially reduces 
moisture content in deposited films, and minimizes device damage due to metal contamination or process residue con- 
tamination. 

In particular, the embodiments of the invention provide high temperature deposition, heating and efficient cleaning 
for forming dielectric films having relatively thin film thicknesses. Enrbodiments of the invention are particularly useful 

10 to deposit doped dielectric films, such as borophosphosilicate glass (BPSG) films, borosilicate glass (BSG) fOms. or 
phosphosilicate glass (PSG) films, and to form an ultra-shallow doped region used, for example, as source/drain junc- 
tions or as channel stop diffusions in shallow trench isolation. In addition, embodiments of the present invention may 
also be used to deposit doped dielectric films used as premetal dielectric (PMD) layers, intermetal dielectric (IMD) lay- 
ers, or other dielectric layers. Further embodiments of the invention may further be used to deposit undoped dielectric 

75 films used as shallow trench isolation filling oxides, insulating layers, capping layers, or other layers. 

Embodiments of the method according to the invention include depositing dielectric films by CVD on a substrate in 
a vacuum chamber having a pressure between about 10-760 Torr (13.3 x 10^ to 1 x 10^ Pa) to a temperature greater 
than about SOO^'C. The substrate may be heated for a variety of purposes, such as performing reflow of deposited die- 
lectric layers for planarization. or for driving in dopants from a deposited doped cfi electric layer. The process may be car- 

20 ried out in a single step (e.g., depositing and ref lowing the film on the wafer at temperatures greater than 500''C), or in 
multiple steps (e.g.. depositing the film on the wafer at temperatures less than 500*^0 and then heating the film on the 
wafer after the film has been deposited). In either case, high temperature processing is accomplished without renroving 
the wafer from the vacuum chamber, which advantageously reduces moisture absorption in the dielectric film. The high 
temperature processing also enables in sjlu deposition of doped dielectric films with capping layers to advantageously 

25 reduce outgassing of dopants from the doped film and lower moisture content. In a specific embodiment, reactive gases 
are delivered to the substrate surface, where heat-induced chemical reactions take place to produce the dielectric film. 
Additionally or alternatively, a controlled plasma may be formed to bctlitate the decomposition of the reactive species. 

In an embodiment of the invention, the dielecti-ic film is a thin doped film used as a dopant diffusion source for an 
ultra-shallow junction. The film is deposited at temperatures greater than about 500*C onto the substrate and heated to 

30 higher temperatures, usually greater than GOO'^C and preferably greater than about 700''C. to diffuse dopants from the 
dielectric layer to the underlying substi'ate. Performing the deposition and heating steps in the same chamber provides 
better control of the thickness, uniformity, and moisture content of the doped dielectric film. Inproving the moisture con- 
tent of the film increases the amounts of available dopants in the film, which is particulariy advantageous for forming 
ultra-shallow junctions in high integration devices. 

35 In another preferred embodiment of the invention, a remote plasma system is provided for etching undesired 
deposits on the inner walls of the vacuum chamber and components of ttie apparatts. and for cleaning native oxides 
and other residue from the semiconductor wafer prior to processing. A gentle cleaning technique using a remote energy 
source is preferably employed instead of a conventional jn sjtu plasma process to lower metal contamination. For exam- 
ple, the remote plasma system provides a remote plasma and preferably fluorine radicals from the plasma are able to 

40 enter the chamber, which is at high temperatures, and provide a gentie, thermal cleaning of the chamber. With the 
remote plasma system, only chemical reactions are utilized and the problem of physical sputtering effects are elimi- 
nated. In contrast, witti the use of an in situ plasma system, sputtering effects attack aluminum chamber walls, which 
may then lead to metal contamination in the processed wafer. In the thermal cleaning process using the remote plasma 
system, the radicals directed into the chamber can effectively dean unwanted deposits and residues from the surfaces 

45 in the chamber while the plasma remains remote or exterior to tiie chamber. Another advantage of the remote plasma 
system is that native oxides can be efficientiy removed from the wafer to effectively ensure effective and uniform dopant 
diffusion from the doped dielectric layer without causing significant surface damage to the silicon wafer. A further advan- 
tage of the remote plasma system is that the system may also be configured for use to deposit films by using different 
input gases as needed. 

so In a preferred embodiment of the invention, ttie remote plasma cleaning system is a microwave plasma system 
configured to produce and deliver a select species (such as fluorine, chlorine or otiier radicals) to the processing cham- 
ber. Ihe remote plasma system energizes gases by miaowave radiation to aeate a plasma with etching radicals. Spe- 
cifically, microwaves are created by a magnetron or other suitable energy source and directed through a waveguide 
system to an applicator tube, where a plasma is creat«J. Reactive gases are ttien fed into ttie applicator tube and ener- 

55 gized by ttie microwave energy, which sustains the ionization of the ignited plasma to produce a flow of radicals into the 
processing chancer For cleaning, the radicals interact witti residue formed on ttie chamber walls to form reactant 
gases ttiat are suitably discharged form ttie chamber by an exhaust system. The microwave plasma system may also 
be adapted to deposit plasna enhanced CVD films by delivering deposition reactive gases into the processing cham- 



2S 
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ber. 

In another prefenred embodiment of the invention, the remote plasma system includes an endpoint detection sys- 
tem for ,nd.cat>ng when the chamber cleaning has concluded. The lack of plasma in the ch^t^r^ mate SfcS 
5 S Z^T^' "^"^ '° P"^'"* Cleaning Harbeen ^^^Z' 

JrcT/m^^TrSoS ol corwentional endpoint detecton systems typically rely on the use of a plasma wiWn 

JlJr^ oT^T!^^ ? - ^ P'^'"^ ^ ^^^'"'■"^ ^l^^ ^"^ ^ <^tea"in9 Process. In the present 
KwentK5a an endpoint detecton asseml)ly ,s coupled to the ga^ 

^ ° the cleaning process by detecting changes in light intensity that occur due to absorbance of light by the 
10 exhausted dean gas reactants. such as SiF4. = w oy 

In yet another pref^ed embodiment of the present invention, a method provides gettering of any adsorbed dean 
gases, sudi as fluorine from the surfece of chamber walls. According to the present invention, a first deaning gas con- 
taming fluaine is irtroduced into the processing *amber to clean the processing diamb^ 

orti cleaning is then introduced into the processing chamber after the residue has been removed with the first 
w^*" ^*^^!f°'^«='e^"9 gas removes deaning residue formed by the readion between the first cleaning gas 
and the irter«r surfaces of the processing diamber.Rem^^^ 

vides a numberof advantages. For example, in a preferred embodiment of the present invention, fluorine radicals are 
delivered into the processing diamber to remove residue, such as silicon oxide, by forming a silicon-fluoride gas prod- 
« ''r^^ 1 ^"^ fuorine-based diamber deaning procedure, any adsorbed fluorine 

r *® °' * "'f^* -"'Sht otherwise interact with, or be incorporated into, the deposited film on 

the next wafer to be processed is gettered. In an alternative embodiment, the getteri^ 

IhtSf "tf* "^'"^ microwave-generated atomic oxygen and a silicon source to deposit a thin film of oxide onto the 
Chamber to trap any adsorbed fluorine and prevent contamination of the subsequently deposited films 

JT embodiments of the invention also provide various heat-resistant and process-compatible compo- 

5 nents for high temperature processing. The system of the present invention indudes a vapor deposition apparatus fiav- 
'H^ ^TVT"^ ^ processing diamber. The apparatus includes a heating assembly having a 
pedestaWieater for heating the wafer to temperatures up to about 500-800»C. The pedestal preferably comprises a 
's sul)stantia^^y resistant to reactions with the process gases and to deposition by the prtiess gases at 
temperauresofatleastabout400-C.andpreferablyattemperaturesuptoabout500.800-C.I^^^ thepedestal 
' preferably oompnses a material that is sii)stantially resistant to etching at high temperatures (i.e.. 500-800°C) by the 
«uonne radicals introduced into the diamber during deaning. In an exemplary embodiment, the pedestal/heater-Som- 
pnses a resistive heating element imbedded in a ceramic material, sudi as aluminum oxide or preferably aluminum 

The heating assembly of the preferred embodiments of the present invention further indudes a support shaft for 
supporting tfie pedestal/heater within the chamber and for housing the necessary electrical connectionsttiereto The 

.^SSo? t?''?'^^."^!!^"^ ^ '^^^ "^^^ ^ diffusion-bonded to the pedestalAieater to provide a vac- 
uum sea^ within the shaft. This vacuum seal allows the hoBow inferior of the shaft to be maintained at ambient temper- 
ahire and pressure during high temperature processing, which proteds the eledrodes and other electrical connects 
from corrosion from the process and dean gases within the Chamber, in addi^^^ 

Shaft minimizes arcing from the power source through the hollow core of the shaft to power leads or the outer wails of 

In still another preferred embodiment of the invention, a chamber Bner is provided around the pedestal/heater to 
insulate thechamberwallsfromtheheater.Preferatty.,hechamberlinerindudesan inner 

ri^ sudi as ceramic that is resistant to high temperatures and to deposition/dean readions. and an outer portion com- 
pnsed of a material resistant to cracking. The inner portion of the liner Insulates the diamber walls to reduce the wafer 
l^\^«^!f might otheni^ise adversely affect deposited film uniformity. The outer portion of the chamber 

J«!^fn^T L ^ '"^ *° ^'"^^ 9^ the walls, while minimizing 

cradling which might othen^rise occur with a single, relatively thid< ceramic liner. In an exemplary embodiment, the outer 
portion of the liner indudes air gaps to increase the insulation provided by the liner 

In sWI a further preferred embodiment of the invention, a lid assembly is provided for the enclosure assembly. The 
M assembly includes a gas mixing blod< (or box) coupled to one or more dean gas passages and one or more process 
gas passages for receiving process and dean gases and for delivering these gases into the diamber. One or more 
valves are provided on either the clean gas passages or the process gas passages to seledively allow gas to flow 
through to the gas mixing blodc This embodiment fadlitates the in situ cleaning method of the present invention by 
aBowirig the apparatus to quiddy and efficiently switdi between processing and deaning. whidi increases the through- 
put ot the system. ' 

In a preferred embodiment embodiment of the invention, the lid assembly further indudes a base plate having a 
gas inlet for receiving one or more gases and a gas distribution plate induding a plurality of holes for dispersing the 
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gases into the processing chamber. The lid assembly includes one or more bypass passages in the base plate that offer 
less resistance to fluid flow than the gas distrbution holes. During deanirq. for example, at least a portion of the clean- 
ing gases will pass through the bypass passages directly into the chamber to inaease the speed of the cleaning proc- 
ess, thereby decreasing the dowvn time of the chamber. The apparatus preferatsly includes a control system, such as a 
5 valve and a controller, tor partially or conrpletely closing the bypass passages to control the gas flow through the gas 
distribution holes. 

Further preferred embodiments of the invention and the features thereof are given in the appended claims and sub- 
daims. 

These and other embodiments of the present invention, as well as its advantages and features, are described in 
10 more detail in conjunction with the text below and attached figures in which: 

Fig. 1 A is a vertical, cross-sectional view of a CVD apparatus accorcfing to the present invention; 

Fig. 1 B is a simplified diagram of the system monitor and CVD apparatus 10 in a multichamber system;. 

Fig. 1C illustrates a general overview of CVD apparatus 10 in relation to a gas supply panel 80 located in a clean 

15 room; 

Fig. 1 D is an illustrative block diagram of the hierarchical control structure of the system control software, computer 

program 150, according to a specific embodiment; 

Fig. 1 E is a block diagram of an exemplary heater control subroutine; 

Fig. 2 is an exploded view of a preferred embodiment of CVD apparatus 10 according to the present invention; 
20 Fig. 3 is a vertical aoss-section, partly in schematic, taken along line 3-3 in Fig. 2; 

Fig. 4 is an enlarged cross-section of a semiconductor processing chamber of the apparatus of Fig. 2; 
Fig. 5 is an exploded view of a gas distribution system for the apparatus of Fig. 2; 

Fig. 6A is a top. partially cut-away view of a lid assembly of CVD apparatus 10, illustrating portions of the gas dis- 
tribution systems; 

25 Figs. 6B and 6C illustrate a front cross-section and a top view, respectively, of an alternative lid assembly for CVD 
apparatus 1 0. incorporating a bypass conduit for cleaning gases; 

Figs. 7A and 78 are SKje cross-sectional views and bottom views, respectively, of a chamber liner, in accordance 
with an embodiment of the invention; 

Fig. 8 is a partially schematic, cross-sectional view of Rg. 3 taken along lines 8-8. illustrating the pumping channel 
30 and the gas f tow pattern in the exhaust system of the CVD apparatus 1 0 of Fig. 2; 

fig. 9 is a vertical cross-sectional view, partially schematic, of a heater/lift assembly, according to an embodiment 

of the invention; 

Fig. 10 is an enlarged cross-sectional view of a bottom portion of the heater/lift assembly of Fig. 9; 
Fig. 1 1 is a side cross-sectional view of a pedestal/heater of the assembly of Rg. 9, accoiding to an embodiment 
35 of the invention; 

Fig. 12 is a bottom view of the pedestal/heater, illustrating a heater coil; 
Fig. 13 is an exploded view of the heater/lift assemljly of Fig. 9; 

Fig. 14 is an enlarged view of one of the electrical connections within the pedestal/heater of Fig. 10; 
Figs. 15A and 158 illustrate a hole within the pedestal heater for receiving a thermocouple and the thermocouple. 
40 respectively: 

Fig. 16 is a simplified diagram of a remote microwave plasma system for cleaning the wafer and/or the process 
chamber, in accordance with an emt}odiment of the present invention; 

Figs. 1 7A-1 70 are schematic diagrams of a cleaning endpoint detection system in accordance with an embodiment 
of ttie present invention; 

45 Fig. 18 is a simplified cross-sectional view of a semiconductor device manufactured according to an embodiment 
of the present invention; 

Figs. 1 9A-19E are simplified cross-sectional views of an exemplary application of the method and apparatus of the 
present invention for an ultra-shallow source/drain junction; 

Figs. 20A-20G are simplified cross-sectional views of another exemplary application of the method and apparatus 
so of the present invention for ultra-shallow trench isolation; 

Rg. 21 illustrates the relationship between NF3 flow and miaowave saturation power that gives optimal cleaning 
rates provided with remote microwave plasma system 55 in accordance with a specific embodiment of the present 
invention; 

Figs. 22A-22C are graphs illustraiing experimental results showing the dopant profile of the ultra-shallow junctions 
£5 formed using capped BSG films produced according to an embodiment of the present invention; 

Figs. 23A-23F are graphs illustrating further experimental results showing the dopant profile and sheet resistivity of 
the ultra-shailow junctions formed using different capped BSG films according to another embodiment of the 
present invention; 
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Rg. 24B IS a sinplif led diagram of a section of the structure shown in Fig 24A- 

Figs. 26A and 26B are photomicrographs demonstrating the relative gap fill capabilities of TEOS/O, USG fiim» 

processing, maccordancewithaspedficembodimentofthepresentinvention- ^^asuDsequent wet etch 
Fig. 27 IS a photomicrograph demonstrating the gap fill capability of a USG film deposited at about shot a«i<.r 

^^^'Il^rS"'' '«*™-'--'^ 
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and residues are preferably released from annular pumping channel 40 through exhaust line 60 at a rate controlled by 
a throttle valve system 63. 

In the representative enixxllment. the chemical vapor deposition process performed in C VD apparatus 1 0 is a ther- 
mal, sub-atmospheric pressure process, often refen-ed to as suthatmo^hertc CVD (SACVD). As discussed earlier. 

5 thermal CVD processes supply reactive gases to the substrate surface where heat-induced chemical reactions (homo- 
geneous or heterogeneous) take place to produce a desired film. In CVD apparatus 10. heat is distributed by resistively- 
heated heater 25. as discussed in detail below, that is capable of reaching temperatures as high as about 400-800''C. 
Such heat distribution provides uniform, rapid thermal heating of the wafer for effecting deposition, ref low and/or drive- 
in. cleaning, and/or seasoning/gettering steps in a muitiple-step process in sity in chamber 15. Alternatively, a control- 

10 led plasma may be fonned adjacent to the wafer by RF energy applied to gas distribution plate 20 from an RF power 
supply (not shown). In embodiments additionally having a lower RF electrode, the RF power supply can supply either 
single frequency RF power to plate 20 or mixed frequency RF power to plate 20 and the tower RF electrode to enhance 
the decomposition of reactive species introduced into process chanft>er 15. In a plasma process, some of the compo- 
nents of vapor deposition apparatus 1 0 would have to be modified to accommodate the RF energy, as discussed below. 

IS Remote microwave plasma system 55 integrally provided in CVD apparatus 1 0 is preferably adapted for performing 
periodic cleaning of undesired deposition residue from various components of chamber 15. including walls 17 as well 
as other components. Further, remote microwave plasma system 55 can also perform cleaning or etching of native 
oxides or residues from the surface of the wafer, depending on the desired application. Although gases input via line 57 
into plasma system 55 are reactive cleaning gases for creating a plasma to provide fluorine, chlorine, or other radicals. 

20 remote miaowave plasma system 55 also may be adapted to deposit plasma enhanced CVD films by inputting depo- 
sition reactive gases into system 55 via input line 57. Generally, remote microwave plasma system 55 receives gases 
via input line 57. which are energized by microwave radiation to create a plasma with etching radicals which are then 
sent via conduit 47 for dispersion through plate 20 to chamber 15. Specific details of plasma system 55 will be dis- 
cussed further below. Some embodiments of apparatus 10 may also include a radio frequency (RF) plasnria system to 

25 provide in gjly plasma capability. 

Motors and optical sensors (not shown) are used to move and determine the position of movable mechanical 
assemblies such as throttle valve system 63 and heater 25. The heater/lift assembly 30. motors, gate valve 280. throttle 
valve system 63. remote microwave plasma system 55, and other system components are controlled by processor 50 
over control lines 65, of which only some are shown. 

30 Processor 50 controls all of the activities of the CVD machine. Acting as the system controller, processor 50 exe- 
cutes system control software, which is a computer program stored in a memory 70 coupled to processor 50. Preferably, 
memory 70 may be a hard disk drive, but of course memory 70 may be other kinds of memory. In addition to a hard disk 
drive (e.g.. memory 70). CVD apparatus 10 in a preferred embodiment includes a floppy disk drive and a card rack. 
Processor 50 operates under the control of the system control software, which includes sets of instructions that dictate 

35 the timing, mixture of gases, chamber pressure, chamber tenperature. microwave power levels, susceptor position, and 
other parameters of a particular process. Other computer programs such as those stored on other memory including, 
for example, a floppy disk or other computer program product inserted in a disk drive or other appropriate drive, may 
also be used to operate processor 50. System control software will be discussed in detail below. The card rack contains 
a single-board computer, analog and digital input/output boards, interface boards and stepper rTK>tor controller boards. 

40 Various parts of CVD apparatus 1 0 conform to the Versa Modular European (VME) standard which defines board, card 
cage, and connector dimensions and types. The VME standard also defines the bus structure having a 16-btt data bus 
and 24-bit address bus. 

The interface between a user and processor 50 is via a CRT monitor 73a and light pen 73b. shown in Fig. 1 B which 
is a simplified diagram of the system monitor and CVD apparatus 1 0. illustrated as one of the chambers in a multicham- 

45 ber system CVD apparatus 10 is preferably attached to a mainframe unit 75 which contains and provides electrical, 
plumbing and other support functions for the apparatus 10. Exemplary mainframe units compatible with the illustrative 
embodiment of CVD apparatus 1 0 are currently commercially available as the Precision SOOOO and the Centura 52006 
systems from Applied Materials. Inc. of Santa Clara. California. The muttichamber system has the capability to transfer 
a wafer between its chambers without breaking the vacuum and without having to expose the wafer to moisture or other 

so contaminants outside the multichamber system. An advantage of the multichamber system is that different chambers 
in the multichamber system may be used for different purposes in the entire process. For exantple, one chamber may 
be used for deposition of oxides, another may be used for rapid thermal processing, and yet another may be used for 
oxide cleaning. The process may proceed uninterrupted within the multichamber system, thereby preventing contami- 
nation of wafers that often occurs when transferring wafers between various separate individual channbers (not in a mul- 

55 tichamber system) for different parts of a process. 

In the preferred embodiment two monitors 73a are used, one mounted in the clean room wall Ibr the operators and 
the other behind the wall for the service technicians. Both monitors 73a simultaneously display the same information, 
but only one light pen 73b is enabled. The light pen 73b detects light emitted by CRT display with a light sensor in the 
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tip of the pen. To select a particular screen or function, the operator touches a desionated arp;, nf ih. h- . 

zn te^ . I ^ ^ ""PP'^ ""^ ^' ^^'"^ "P atongside chamber 1 5 to gas mixing box 
flow ot gas or liquid ihrouoh Itei^lS Z^Tt, f ' " ""^ contolleo 1M •»! moasure Ihe 

^n arv »nvert.onal computer readable programming language such as. for exampte. 68(S oTi^rTy iZ-age ^ 
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Rg. 1 D is an illustrative block diagram of the hierarchical control structure of the system control software, computer 
program 150. according to a specific entxxlimeni Using a light pen interlace, a user enters a process set number and 
process chamber number into a process selector subroutine 153 in response to menus or screens displayed on the 
CRT monitor. The process sets, which are predetermined sets of process parameters necessary to can-y out specified 

5 processes, are identified by predefined set numbers. Process selector subroutine 1 53 identifies (i) the desired process 
chamber, and (ii) the desired set of process parameters needed to operate the process chamber for performing the 
desired process. The process parameters for performing a specific process relate to process conditions such as. for 
example, process gas composition and flow rates, temperature, pressure, plasma conditior^ such as magnetron power 
levels (and alternatively to or in addition to high- and low-frequency RF power levels and the low-frequency RF fre- 

w quency. for embodiments equipped with RF plasma systems), cooling gas pressure, and chamber waD temperature. 
Process selector subroutine 153 controls what type of process (deposition, wafer cleaning, chamber cleaning, chamber 
gettering, ref lowing) is performed at a certain time in chamber 15. In some emtxxjiments, there may be more than one 
process selector subroutine. The process parameters are provided to the user in the form of a recipe and may be 
entered utilizing the light pen/CRT monitor interfcice. 

15 The signals for monitoring the process are provided by the analog input board and digital input board of the system 
controller, and the signals for controlling the process are output on the analog output board and digital output board of 
CVD system 10. 

A process sequencer subroutine 155 comprises program code for accepting the identified process chamber and 
set of process parameters from process selector subroutine 153. and for controlling operation of the various process 

20 chambers. Multiple users can enter process set nunnbers and process chamber numbers, or a single user can enter 
multiple process set numbers and process chamber numbers, so sequencer subroutine 155 operates to schedule the 
selected processes in the desired sequence. Preferably, sequencer subroutine 155 includes program code to perform 
the steps of (i) monitoring the operation of the process chambers to determine if the chambers are being used, (ii) deter- 
mining what processes are being carried out in the chambers being used, and (iii) executing the desired process based 

25 on availability of a process chanrtber and the type of process to be carried out. Conventional methods of monitoring the 
process chambers can be used, such as polling. When scheduling which process is to be executed, sequencer subrou- 
tine 155 can be designed to take into consideration the present condition of the process chamber being used in com- 
parison with the desired process conditions for a selected process, or the 'age** of each particular user-entered request, 
or any other relevant factor a system programmer desires to include for determining scheduling priorities. 

30 Once sequencer subroutine 155 determines which process chamber and process set combination is going to be 
executed next tiie sequencer subroutine 155 initiates execution of the process set by passing the particular process 
set parameters to a chamber manager subroutine 157a-c which controls multiple processing tasks in a process cham- 
ber 1 5 according to the process set determined by sequencer subroutine 1 55. For example, the chamber manager sub- 
routine 157a comprises program code for controlling CVD and cleaning process operations in process chamber 15. 

35 Chamber manager subroutine 157 also controls execution of various chamber component subroutines which control 
operation of tiie chamber components necessary to carry out the selected process set. Examples of chamber compo- 
nent subroutines are substrate positioning subroutine 160. process gas control subroutine 163. pressure control sub- 
routine 165, heater control subroutine 167. plasma control subroutine 1 70. endpoint detect conti^ol subroutine 159. and 
gettering control subroutine 169. Depending on the specific configuration of the CVD chamber, some embodiments 

40 include all of the above subroutines, while other embodiments may include only some of the subroutines. Those having 
ordinary skill in the art would readily recognize that other chamber control subroutines can be included depending on 
what processes are to be performed in process chamber 15. In operation, chamber manager subroutine 157a selec- 
tively schedules or calls the process conponent subroutines in accordance with the particular process set being exe- 
cuted. Chamber manager subroutine 157a schedules the process component subroutines much like sequencer 

45 subroutine 1 55 schedules which process chamber 1 5 and process set are to be executed next Typically, chamber man- 
ager subroutine 157a includes steps of monitoring the various chamber components, determining which components 
need to be operated based on the process parameters for tiie process set to be executed, and initiating execution of a 
chamber component subroutine responsive to tiie monitoring and determining steps. 

Operation of particular chamt>er conponent subroutines will now be described with reference to Fig. 1 D. Substrate 

so positioning subroutine 160 comprises program code for controlling chamber components that are used to load the sub- 
strate onto heater 25 and. optionally, to Gft the substrate to a desired height in chancer 15 to control tiie spacing 
between the siAjstrate and gas distribution manifold 20. When a substrate is loaded into process chamber 15. heater 
25 is lowered to receive the substrate and then heater 25 is raised to the desired height In operation, substrate posi- 
tioning subroutine 160 controls movement of heater 25 in response to process set paramders related to tiie support 

55 height tiiat are transferred from chamber manager subroutine 1 57a. 

Process gas control subroutine 1 63 has program code for controlling process gas composition and flow rates. Proc- 
ess gas control subroutine 163 controls the open/cfose position of tiie safety shut-off valves, and also ramps up/down 
the mass flow controllers to obtain tiie desired gas flow rate. Process gas control subroutine 163 is invoked by the 
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heater control systems without regard to the value of the temperature error. If these routines seek to control the tem- 
perature ramp rate, they will define a time-varying J^e^W and then employ the PID controller described above to track 
this desired temperature trajectory. 

In the present invention, heater control subroutine 167 preferably employs the temperature ramp control algorithm 

5 (steps 590) to control power to heater 25 when the absolute value of temperature enor is greater than the boundary 
en-or. This algorithm controls T(k). which is the rate of change of the temperature, T(k). at time step k. The rate of 
change of temperature shouM be controlled because the heater 25 can be made of a ceramic material, which may frac- 
ture from thermal shock if the temperature changes too quickly The ramp control algorithm uses feedfon/vard and Pro- 
portional feedback control to control T(k) to a predetermined desired ramp rate function, TdesfO. The desired ramp 

10 rate is mainly a function of the temperature of the heater and is based on the thermal shock resistance of the heater 25 
at various temperatures. Thus, the desired ramp rate may continuously change based on the current measured tem- 
perature of the heater, or it may be set at a constant based on a minimum rate that is low enough to avoid thermal shock 
within the range of temperatures of a particular process. The control algorithm also employs a saturation function on 
the rate of change of power supplied to the heater to damp the system response, which reduces oscillations in ramp 

15 rate. 

Controllers that attempt to regulate ramp rate by tracking a timed temperature trajectory at best can only guarantee 
that a desired temperature. Tdos(K). will be achieved at some time K in the future. The average ramp rate over the time 
interval of length K will be T^es- However, the instantaneous rate of change of temperature r(k) may vary widely during 
that interval. Consider the case in which a disturbance causes the temperature to remain stable for some interval of 
20 time less than K. The controller will then attempt to as quickly as possible "catch up" to the desired trajectory T<^s(k). 
The ramp rate for the time interval during which the controller is catching up will be greater than T^^. That scenario 
could result in thermal shock fracture. By controlling the ramp rate directly, the current invention avoids this potential 
scenario. 

Referring to Fig. IE. an exemplary ramp control algorithm will now be described. After the desired temperature. 

25 Tde3 is input (step 580). the current temperature T(k) is measured (step 582). and the temperature eaor is detennined 
(step 584). the ramp control algorithm calculates the actual ramp rate r(k) using a numerical differentiation technique. 
It also determines the desired ramp rate. r<te8(T(k)). based on the cunent value of T(k). and the error in ramp rate. 
^rrrrate="'"des(T(k))-r(k) (steps 592 and 594). The actual ramp rate r(k) is calculated from measured temperature 
T(k) over a range of temperature measurement samples. In general, rdes(T(k)) may be any continuous function of tem- 

30 perature in various embodiments. In the specific embodiment. Tdas(T(k)) is set to be a predetermined constant value. 
The calculated ramp rate T(k) is determined by sampling (i.e.. measuring) the temperature at a predetemiined-sample 
rate (e.g.. 10 times in a power update period, 1 second, in the specific embodiment). Then, an average of the 10 sam- 
ples is calculated and compared to the average of the previous 10 samples. The difference between the averages of 
the first 10 measured tenperatures and the previous 10 measured temperatures is then divkied by the power update 

35 period to obtain an average measured temperature. The derivative of the average measured temperature is then calcu- 
lated to anive at the calculated ramp rate T{k), The ramp rate enor ErrRpate determined by taking the differ- 
ence between the constant-valued rdes(T{k)) and the calculated ramp rate T(k) in the specific embodiment (step 594). 
The above embodiment is an example of one numerical differentiation technique that may be used. t)ut other tech- 
niques that may be more sophisticated also can be used in other embodiments. In other emt)odiments, other sanrple 

40 rates also may be used. 

To elaborate on step 596. an exenplary control functk>n used in the specific embodiment is given by the following 
equation: 

P(k+1) = Pniodein"(k)Tdes(T(k))l + Kp*[T'des(T(k))-T(k)] 

45 

where k is the current time step and k+1 is the next time step. P(k+1) is the power that will be supplied to the heater at 
the next time step. PmodeiFM. T'<jes(T(k))]. which is a function of the desired ramp rate and measured temperature, is 
some modeled approximation of the necessary power to give a ramp rate of Tcjes(T(k)) at a temperature T{k). Kp is a 
control gain constant (in Watts/(*C/second)) that is user-defined and multiplied with the ramp rate error ErrpRate- 
so specific embodiment. Pmodein*(k).rdes(T(k))] can be approximated as P(k). This approximation is particularly true for 
slow systems such as the resistive heater with large thermal mass of the present invention. The control function is then 
approximated by the fblk>wing equations: 

P(k+1) = P(k) + Kp*[rdes(T(k))-r(k)] 

55 

p(k+i) - P(k) = Kp*ir^^^(T(k)).r(k)]. 

Because the response of the heater is slow, there is a lag between the time power is adjusted and the time when 



EP0 843 347 A2 



75 



20 



25 



that needed to mairrtain the dSSKratri^era^ 

called overshoot. The controir^i S by^e5Sdno3ef ^L^^T "^"^ '"^ ^^is is 

controller can act faster than the he^S « it S """^ ^^ain. the 
desired value. This isoscillation O^er^^i^nJ^^^ ?f ^ '^^^ "^^^^ ^^'^ 
a constant, steady-state vme ^Z^i °^ will reach 

state error. ^""^ °" '^^'^ ""^^'9° cJistu*ances. there will also be a small steady- 

because DerlvaLconSSl Ln^tus^ trL^^^^ "P^**" TyP*^"^- <^ "e large 

state error can be r^oS ^us^o^X^^n^T^V^ ^"'"^^ "^^^^ °sciHation. Steady- 

bly avoided in this cont?d alSr? Ss c^l^t T r '^^^''^ ^ P^^^e^" 

lating the second derivarh/^ S?^ Ten^^Lt^^^^^^ " '* numerically calcu- 
secondder^Tecri'^ateu^^^^^^^ 
error and a saturation functioS fS^ Sa^^^^^ 

function effectively schSZtieS ^^t^^T T"^ '° ^^^""^ ^^^^^ "^^ ««*"««on 

thetransientportio'nof tCsJe^CSse w^^^^^^ 

In steady-state, errors are sU so the eff^vLI^ ;;^^^^ 

Fa^^esTe^SX?;"^^^^^^ 

supplied to the heater P- °f"^by the control equabon given above. P,(k+1) isthe actual power 

the'^t.^Te^S^^^.^SCrr^^ 



if !P(k-i-l).P(k)|>F„„, 
30 then Pi(k+l)=P(k)-P'„„ for P(k-i-l)>P(k) 

and P,(k+l)=P(k).P',,, for P(k+l)<P(k) 
elsePi(k-i-l)=P(k+l) 

35 

P'inax='<pei,(k)-Errn33,Jk); 
'<pe»M=Pmax/Enr„n«,(k). 

Accordingly, the ramp control algorJm ofhX o^ntl s^l?;?^^^^^^^ T 

ramp rate errors occur, thereby resulting in more eS te^^aL clntT ' ' '^'^"^ 

« orpufeSjTaSit^'nSill^^^^^^^ 

program ideforsetfig ir^rqtfr 'Zc^RF^"^ r?^' "'"'^ 
for setting the tow-freqSe^y uVe^^'^'^c! '^"'^ ^""^ *° '''' ^'^-^^^es in chamber 1 5. and 

subroutine 170 used^ miaowLeXeXl^i^ Z ^i'™'* "^V have one plasma control 

Uke the previously deJ^^^^Z^nJ^JJ^T "^"^ ^ 70 used for RF pc«,er levels. 

55 manager subroutine l^a subroutnes. ptesma control subroutine 170 is invoked by chamber 

modefcrorS)^^^'^^^^^^ 

cou«in..e^ramc.e.set«yr=rrn;^^^^^^^^^ 
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chamber 15. and for setting the low-frequency RF frequency employed. Of course, some emlxxliments mcr/ have nne 
plasma control subroutine 1 70 used for microwave power levels and another plasma control subroutine 1 70 used for RF 
power levels. Like the previously described chamber component subroutines, plasma control subroutine 1 70 is invoked 
by chamber manager subroutine 157a. In embodiments having gate valve 280. plasma control subroutine 170 also 
5 includes program code for opening and closing of gate valve 280 to coordinate with the setting/adjusting of microwave 
power levels. Alternatively, the system software may have a separate gate valve control subroutine in embodiments 
having gate valve 280. 

An endpoint detect control subroutine 159 includes program code for managing endpoint detection by controlling a 
light source and a light detector, receiving data from the light detector for use in comparing light intensity changes from 

70 absort>ance. and optionally stopping the cleaning process upon detecting a predetermined light intensity level or raising 
a flag indicating the endpoint of the cleaning process. Endpoint detect control subroutine 159 also may be invoked by 
chamber manager subroutine 157a. Endpoint detect control subroutine 159 is included for those embodiments using 
the endpoint detection system described below. It is recognized that embodiments not having an endpoint detection 
system would not need to use or have endpoint detect control subroutine 159. 

15 Optionally, a gettering control subroutine 1 69 may be included that can be invoked by channber manager subroutine 
1 57a. Gettering control subroutine 169 includes program code for controlling gettering processes that may be used for 
chamber seasoning, post-dean fluorine gettering. etc. In some embodiments, gettering control subroutine 169 can 
invoke specified software built into the clean recipe to facilitate gettering control in combination with the dean recipe 
used. 

20 The CVD system desaiption presented above is mainly for general illustrative purposes and should not be consid- 
ered as limiting the scope of the present invention. The exemplary CVD system 10 is a single-wafer vacuum chamber 
system. However, other CVD systems that are multiple-wafer chamber systems may be used in other embodiments of 
the invention, it should be understood, however, that although certain features of the invention are shown and described 
as part of a CVD chamber in a multichamber processing system, the invention is not necessarily intended to be limited 

25 in this manner. That is, the invention can be used in a variety of processing chambers, such as etch chambers, diffusion 
chambers or the like. Variations of the above desaibed system such as variations in design, heater design, location of 
RF power connections, software operation and structure, specific algorithms used in some software subroutines, con- 
figuration of gas inlet lines and valves, and other modifications are possible. Additionally, other plasma CVD equipment 
such as electron cyclotron resonance (ECR) plasma CVD devices, induction coupled RF high density plasma CVD 

30 devices, or the like niay be employed. The dielectric layers and methods for forming such layers for use in the present 
invention should not necessarily be limited to any specific apparatus or to any specific plasma excitation methdd. 

As shown in Figs. 2 and 3. CVD apparatus 1 0 generally includes an enclosure assembly 200 having vertically mov- 
able heater (wafer support pedestal or susceptor) 25 for supporting a semiconductor wafer within a vacuum chamber 
15. Process gas(es) are delivered into chamber 15 to perform various deposition and etching steps on the wafer. A gas 

35 distribution system 205 (Figs. 2-6) distributes process gases from gas sources 90 (Fig. 10) onto the wafer, and an 
exhaust system 210 (Figs. 24) discharges the process gases and other residue from chamber 15. CVD apparatus 10 
further includes a heater/lift assembly 30 (Figs. 1 A. 9-15) that includes heater 25 for heating the wafer and for lifting the 
wafer upwards into a processing position within chamber 15. An integral remote microwave plasma system 55 (Figs. 1 A 
and 16) is also provided in CVD apparatus 10 for periodic chamber deaning. wafer cleaning, or depositing steps. 

40 As shown in Fig. 2. CVD apparatus 10 further indudes a liquid cooling system 21 5 for delivering codant to various 
conponents of the chamber 15 to cool these components during the high temperature processing. Liquid cooling sys- 
tem 21 5 acts to decrease the temperature of these chamber connponents to minimize undesired deposition onto these 
components due to the high temperature processes. Liquid cooling system 215 includes a pair of water connections 
217. 219 that supply cooling water through the heater/lift assembly 30 and a coolant manifold (not shown) for delivering 

45 coolant to the gas distribution system 205 (discussed below). A waterf low detector 220 detects the waterf bw from a 
heat exchanger (not shown) to enclosure assembly 200. Preferred embodiments of the individual systems of apparatus 
10 will be described in further detail below. 

A. Enclosure Assembly 

50 

Referring to Figs. 2 and 6. enclosure assembly 200 is preferably an Integral housing made from a process-compat- 
ible material, such as aluminum or anodized aluminum. Enclosure assembly 200 includes an outer lid assembly 225 for 
delivering process and dean gases through an inlet tube 43 to an inner lid assemt3ly 230 within assembly 200. Inner lid 
assembly 230 functions to disperse the gases throughout chamber 15 onto a wafer (not shown) supported on heater 
55 25. As shown in Rg. 2. a lid cover 233 provides access to the components on the top of endosure assembly 200 (i.e.. 
outer lid assembly 32). and shields the operata from exposure to high temperatures during system operafion. For 
SACVD processes, lid cover 233 preferably includes a cutout 235 to allow dearance for lid damps 237 that ensure gas 
integrity of the channber 16. Ud cover 233 generally remains closed during most process steps unless the chamber is 
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opened, for example, to perform a preventive maintenance chamber cleaning thereby breakina the van .. ,m anw k,- 

5 thrn.th!l!^K ""t ^l^^s^^^^^^-^ySOOdefines a vacuumlockdoor(notshown) and a slit valve openino 243 
IrCrr load.ng assembly (not shown) transports a wafer W into process chamber 1 6 aSs wX W 

TJ^Z^ w ^ load-ng assembly is preferably a conventional robotic mechanism disposed withraTranX 
charter (not show.) of the multichamber processing system^ 

m«j^ass.gned U.S. Patent No. 4.951 .601 to Maydan. the complete cfectosure of which is lnSj<J^S'S byTf- 

10 Referring to Rgs. 3. 4. 7A and 7B. the inside wall 245 of enclosure assembly 200 around chamber 15 is covered 
with a Chamber hner 250. which rests on a shelf 252 of enclosure assembly 200 Chamber lin«^Sserv^ tS 

sure assemoiv 200. uner ^du .nh«,K tne flow of orocess oases below heater 25 to the lower pomon of chambl 15 

IS tner. liner 250 provides thermal insulation between the aluminum walls of enclosure assembly 200 and the edoe of the 
waferonheater25.inordertoprevent wafer edge cooling during hightemperatureprocessing^D^^^^^^^ 

600 C) to the cooler surrounding chamber walls (e.g.. about 60-C). Without liner 250. the heat effects at the edgeof tte 

«>^"ses an inner portion 253 fomied of a process-compatible material that is well suitS for high ttSatL'e 
processes {e.g.. greater than about 500oC). Preferably, inner portion 253 of liner 250 compris7sTce?a,S^eS 
such asa^-num ntoWe. alumina, or the like. w»h alumina being the preferred material. i^^JzTS^l 
have a th-doiess of about 0. 1 to 1 inch (2.52 mm) and preferably about 0.2 to 0.3 inch (5 to 7,5 mm) ^ 
Uner 250 preferably comprises an outer portion 255 that comprises a material that is less susceptible to aacWno 

S „h™lT^° inner portion 253 of liner 250. In a particularly preferred embodiment, outer portion 255 

ZrT 259 facilitate insulation of the inner portion 253 of liner 250 from the outer chamber walls to 

increase wafer temperature uniformity (othenvise the outer edge of the wafer could cool down durto^rS^rrSina 
> 'jantoe^^a teaperature.whichiscodrelativetothehea^^^ 

thickness to liner 250 so that it can bridge the gap between the outer chamber walls and h^tS 51.?e mirtmizSe 
crad^ng or other thermal damage that may occur with a thicker liner 250. Outer portion 2?5 of lineTSso uS hafa 
thickness of about 0.5 to 2 inches (1.26 to 5 cm) with an air gap 259 thickness of about 0 2 to iSs m 5 to 3^^^ 

to2,27cm) Anannular cover 261 is positioned on the upper surface of outer liner 255to 
mg channel 40(d.sa«sed below). Annular cov^ 

of Jh^. :"^*^^J"*«'*'^ent (not Shown), liner 250 only comprises inner ceramic portion 255 resting on shelf 252 

^Tl^l Tt^'^^"^'^' ^""^ "^""^ °* P""'P'"g Channel 40. In this emboJ^rlent ouTer 

portion 255 IS replaced with an air gap (not shown) between ceramic portion 255 and the insiL ^rS^^^^^^^^^ 

vKles thickness to liner 250 to bridge the gap between the chamber walls and heater 25 
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Referring to Figs. 2 and 6. outer lid assembly 225 generally includes a lid or base plate 265, a coolant manifold fnol 

and Cleaning gas(es) through mlet tube 43 to the processing chamber 15. and a gafe valve 280 for s^£tivelv cSrt 
mg c eaning anchor process gases to gas mixing box 273. Of course, it should be clearly undeSSd tTgafe >^^^ 

b<w 273 wrthout a gate valve. As shown in Fig. 4. gas mixing box 273. clean gas manifold 277 and gate valve 280 are 
preferaWy fastened, e.g.. bolted, to the top surface of base plate 265. Fi,^ and second gas ^ZlTst S a e 
moumed tolhe exterior of plate 265. and extend into gas mixing box273. Gas passages 83. 8^^^^^ 

ZLIrStr'"? " ^'"^ "^^OS. TEPO hi. nitrogen^lS^garo^lTlikel^^ 

outlets (not shown in communication with a mixing area 93 within box 273 for mixing the gases priw to d"lS 
through inlet tube 43 into the inner lid assembly 230. «= pnor ro aeiivering mem 

It should be noted that for plasma processes. CVD apparatus 10 will further include a gas feed-through box (not 
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shown) housing gas passages 83. 85 to enable the application of high voltage RF power to the gas box without gas 
breakdown, and without gas deposition in the gas distribution system. A description of an exemplary gas feed-through 
box can be found in U.S. Patent No. 4,872.947 to Wang, the complete disclosure of which is incorporated herein by ref- 
erence. 

As shown in Rg. 6A, dean gas manifold 70 includes conduit 47 for receiving gas(es) from inlet 290. and directing 
these gas(es) through a fluid passage 293 into gas mixing box 273. Gate valve 280 includes a vaive plug (not shown) 
seated within passage 293 for selectively allowing or preventing the gases from passing through conduit 47 into gas 
mixing box 273. Gate valve 280 may be manually operated by actuating handle 281 . or gate valve 280 may be control- 
led by processor 50. During cleaning (discussed below), gate valve 280 is configured to allow the clean gases from 
plasma system 55 to pass into box 273. where they are directed through inlet tube 43 into chamber 1 5 to etch the wafer 
or the inner chantber walls and ttie other components of apparatus 10. 

As shown in Fig. 3. dean gas manifold 270 is constructed integral to the top part of enclosure assembly 200 of 
apparatus 1 0. with conduit 47 having an appropriate bend or curve from the top toward the side of chamber 1 5. Conduit 
47 of manifold 270 has an opening into a passage integrally formed within a side wall of endosure assembly 200 of 
apparatus 10, which may become heated due to the high temperatures at which heater 25 operates. This passage is 
equipped with an internal liner 291 that serves to protect the inner surfaces of the passage in enclosure assembly 200 
from corrosion and etching from the clean gas radicals entering from an applicator tube 292. Liner 291 also prevents 
recombination of radicals in tfie dean gas. Clean gases are introduced into applicator tube 292 from an inlet 57. Radi- 
cals are created from dean gases in applicator tube 292 by microwave energy radiated from a magnetron in plasma 
system 55. which is advantageously located toward the bottom of chamber 15 in enclosure assembly 200. The location 
of system 55 at tiie bottom of apparatus 10 facilitates servidng of chamber 15 for preventive maintenance cleaning, 
repairs, etc. In particular, opening the lid of apparatus 10 in order to perform preventive maintenance deanings is easily 
done, since the tx)ttom-mounted remote microwave plasma system 55 is not located on top of the lid of apparatus 10. 
Microwave plasma system 55 is discussed in further detail below. As shown in Figs. 3 and 4. inlet tube 43 preferatdy 
includes an inner passage 295 for delivering process gases into chamber 15. and an outer, annular passage 297 in 
communication with passage 293 for directing cleaning gases into the chamber. 

The coolant manifold, which may be fastened to the top or side surface of base plate 265. receives coolant fluid, 
such as water or a glycolVwater mixture, from the heat exchanger. The coolant is distributed from the coolant manifold 
through an annular coolant channel 93 (Rgs. 4 and 5) in base plate 255 to convectively and conductively remove heat 
from plate 265 and the components of inner lid assembly 230 during processing (discussed in further detail below). 

As shown in Figs. 2 and 5. inner lid assembly 230 generally indudes base plate 265. a blocker or gas dispersion 
plate 301 and a showerhead or gas distribution plate 20 for dispersing process and dean gases into chamber 1 5. Plates 
301. 20 are preferably formed from a process-compatible material that is capable of witiistanding high temperature 
processes. For example, plates 301 . 20 may comprise a ceramic material such as aluminum oxide or aluminum nitride 
(AIN), or a metal, such as aluminum or anodized aluminum. Preferably, tiie plates 301. 20 comprise a metal, such as 
aluminum or anodized aluminum, to minimize gas deposition on the surfaces of plates 301. 20. In a particularly pre- 
ferred embodiment gas dispersion plate 301 comprises anodized aluminum and gas distribution plate 20 comprises 
aluminum. Gas distribution and gas dispersion plates 301 . 20 are each directiy fastened to a lower surface of base plate 
265. Preferably, gas distribution and dispersion plates 20, 301 are affixed to lower surface of t>ase plate 265 witii a plu- 
rality of threaded mounting screws 303, 305. respectively. Mounting screws 303, 305 provide a relatively tight, surface- 
to-surlace contact between contact surfaces of gas distribution and dispersion plates 20. 301 , respectively, and lower 
surface of base plate 265 to fadlitate conductive heat exchange therebetween (discussed In greater detail below). The 
mounting screws 303, 305 comprise a process-compatible material, such an nickel. HasteloyO, Haynesd or the like. 

Referring to Figs. 4 and 5. gas disti'ibution plate 20 is a substantially flat plate 31 1 having an outer flange 313 with 
a plurality of holes 31 5 for receiving mounting screws 305 to provide engagement of the contact surface of plate 20 with 
lower surface of base plate 265. Base plate 265 includes an outer annular standoff 316 that spaces gas distribution 
plate 20 from ttie bottom surface of 265 and forms a chamber 31 7 (see Fig. 4) between ttiese two plates for dispersing 
the process gas uniformly ttnrough a plurality of gas distribution holes 31 5 onto a semiconductor wafer. Alternatively, gas 
distribution plate 20 may corrprise a dish-shaped device (not shown) having a centrally disposed cavity defined by a 
side wall and a base wall. 

The size and arrangement of gas distribution holes 315 will vary depending on the process characteristics. For 
example, the holes 315 may be uniformly spaced to provide a uniform distribution of gases onto the wafer. On the other 
hand, holes 315 may be non-uniformly spaced and arranged, if desired. Holes 315 will usually have a diameter in the 
range of about 5-100 mil (0.126 to 2,5 mm) and preferably in the range of about 10-50 mil (0,252 to 1.26 mm). Prefer- 
ably, gas distribution holes 315 are designed to promote uniformity of deposition on the semiconductor wafer. The holes 
(as well as the manifold temperature, discussed above) are also designed to avoid the formation of deposits on the 
manifold outer (bottom) surface and. in particular, to prevent the deposition of soft deposits on that surfoce which could 
flake off and drop onto the wafer during and after processing. In an exemplary emt)odiment. the hole array is one of gen- 
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2 ^^TZZ^l'^''' 2' ^"'""^"^ spacings) are approximately 

equal, and the hole-to-hole spacing within each ring is approximately equal. A more cornple^e diaiotionS a^SwI 
arrangement for the gas distribution holes is described in commonl/aSigned U.S. S No 4^7 t^WanoT 
complete disclosure of which has pre>^iously been incorporated by reference. *.87Z.947 to Wang, the 

5 Gas dispersion plate 301 is a generally drcular disk 321 including a plurality of gas disoersion holes 325 fhr Hi* 
peeing tt,e gas th^eth^ugh into the chamber 317 formed between cJifer stand-off 3^6 an^jr^SS'^ piS^^^^ 
Base pla^^e 265 preferably includes a second, inner stand-off 318 for spacing dispersion plate 301 from basTptetS 
and for allowing gas pass^^^ 

.„ 1 t S « • ^^"^^^^y' dispersion plate 301 may define a recess (not shown) for for^Jng 
w rather than stend-off 3 1 8. Dispersion holes 325 will usually have a diameter of atiut 0.02 - 0.M a 

i^^"^ ^ «^ ^ P'ate 301 may be included in prefe^Te^iSimente o S 

,5 ™./!!.S!!c I" * ^ ^' P'^*^ ^ '"^^^^ sing'e-piece element that functions to deliver process 
ng chamber. In RF plasma processes, inner lid assembly 230 will also include an isolator (not shown) that electricaiiv 

i"ai?mSy^^uti'rr"^ 

rhiS'hrp^ol^^renTn.S^^S^^^ ^-^^^-^^ ^ disdos^e Z 

. K ^fZ" P*^*^ ^ 321 that defines an annular pumping channel 40 for 

exf«ustngthedepositiongases^(^^^^^ 

hole 327 ,n communicatK)n with inlet tube 43 for receiving the mixed process gases from gas mixing box 273 Ho^^sS 

sVsl^LTtT^S^^^i:"'" '^'^^'^''^ P-^*^ 9- S^te Si to holes 

315. Base p^ate 265 further defines a coolant passage 93 having an inlet 33 1 and an outlet 333 coupled to the codLa 

22em215ford.rect.ngcoolantfluid through portions of plate215toconvectVely^ 

3Ce. This faditetes conductive cooling through contact surfaces of dispersion and distribution plates 30 1 20 and IwJe 
surface 326 Of baseptefe265.Amorecompletedescription of exemplary designs for coolant 

1T~I f "^""^"^ S^"^ filed A^il 16. 1996 (Att^^'^d^^o 1S4T 

4.872.947 to Wang, the complete disclosure of which has previously been incorporated by reference. ~ 

Z?^ ^f^f^ wrthm recess 343 lastened to base plate 265 above coolant passage 93. Preferably annur<^ 

.^.1 n . °' P'"*^ *° P^'""^^ ^ "9"* Passage 93. thereby J^^yXlZ 

coolant leakage from passage 93. With this configuration, passage 93 is formed rebtively d<^to^SnT^ 

265. thereby decreasing the cost and complexity of manufacturing plate naceoioasepiate 
Refernng now to Figs. 6B and 6C. an alternative embodiment of inner lid assembly 230' will now be described Sim 
liar to the previous embodiment, lid assembly 230' includes a base plate265. a gasdi^Ln plare 301 rrSJSs^^^^ 
tnbu on plate 20 for dispersing process and clean gases into chamber 15. In addition base pla^^^^^^^^^ 
annular coolant channel 500 for receiving a coolant liquid, such as water, to cod base platr2i a«l thfothsr^^ 
nenteof lid assemt.y230-.ln this embodimem. base plate265 further in^lu^^^^ 

265 immediately above gas dispersion and gas disfribution holes 325 315 woasepiaie 

TJ^^^ ^ P'"'^"*^ ''^^^ ^^^^ 510 extending from chamber 320 between base 

plate 265 and gas dispersion plate 301 to vacuum diamber 15. Bypass passages 510 offer a lower resistancTtr,^ 
«ow than gas dis,>.r5ion a|^ 

ber 320 will pass through bypass passages 520 directb. into the vacuum chamber 15. In an exLplarertoSiSS 
P^f 9«= 51 0 are preferably spaced drcumferentially around base plate 265 to uniformly deS i7e?nto ^e 
Chamber 15 (see Fig. 6E). In a preferred use of this embodiment deaning gases, sud, as NF3. ^So^h^r 320 
and tluough gas disperaon and gas distribution holes 325. 31 5. respedively In addito^ 
pjs through bypass passagesSlOdiredly into Camber iStofadWatethedelivery of thedeaninggasestSo^ 

In this embodiment, vapor deposition apparatus 10 will preferably indude a contrd system, sudi as a valve couoled 

'f^e wafer. Thus, the valve will be dosed to prevent the proc^Sfror^ 
passing through bypass passages 510. When the diamber is deaned. the valve will be opened to qu^y deTva- « 
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least a portion of the cleaning gases into the chamber. This increases the speed and efficiency of the cleaning process, 
which reduces the down time of apparatus 10. Of course, it will be recognized that process gases may also be delivered 
through bypass passages 510. if desired. 

5 C. The Exhaust System 

Referring to Figs. 2-4, a pump (not shown) disposed exterior to CVD apparatus 10 provides vacuum pressure to 
draw both the process and purge gases, as well as residues, out of chant)er 15 and through annular pumping channel 
40. where they are discharged from apparatus 10 along a discharge conduit 60. As shown in Rg. 8. the deposition and 
10 clean gases are exhausted radially outward over the wafer W (shown by arrows 351) through an annular slot-shaped 
orifice 355 surrounding the chamber 15 and into pumping channel 40. The annular slot-shaped orifice 355 and channel 
40 are preferably defined by the gap between the top of the chamber's cylindrical side wall 17 (including inner portion 
253 of the chamber liner 250. see Figs. 3 and 4) and the bottom of base plate 265. From the pumping channel 40, the 
gases flow circumferentlally around channel 40 (shown by arrows 357) and through a downwardly extending gas pas- 
is sage 361 . past a vacuum shut off valve 363 (whose body is preferably integrated with the lower chamber body), and 
into discharge conduit 60 which connects to an external vacuum pump (not shown). 

Altematively. CVD apparatus 10 may include a separate pumping plate (not shown) having a plurality of gas holes 
that directly communicate process chamber 1 5 with pumping channel 40. In this errtoodiment, the gas holes are circum- 
ferentlally spaced around the central opening of the chamber to facilitate the uniform discharge of process gas through 
20 the holes. To accommodate the relative positions of inlets and outlets, gas holes may extend in a radially outward direc- 
tion from inlets to outlets relative to central opening. This radial orientation of holes also contrtoutes to a substantially 
uniform discharge of the process and purge gases and exhausted residues from the processing chamber 15. A more 
complete description of this type of pumping plate can be found in commonly assigned co-pending application Serial 
No. 08/606.880. filed February 26. 1996 (Attorney Docket No. 978). the conplete disclosure of which is incorporated 
25 herein by reference. 

Referring to Figs. 2 and 3. a valve assembly (throttle valve system) 369 includes an isolation valve 371 and a throt- 
tle valve 373 disposed along discharge line 60 for controlling the flow rate of the gases through pumping channel 40. 
The pressure within processing chamber 15 is monitored with capacitance nianometers 381 , 383 (see Fig. 2) and con- 
trolled by varying the flow cross-sectional area of conduit 60 with throttle valve 373. Preferably, processor 50 receives 

30 from manometers 381 . 383 signals that indicate the chamber pressure. Processor 50 compares the measured pressure 
value with setix)int pressure values entered by operators (not shown), and determines the necessary adjusfhfient of 
throttle valve 333 that is required to maintain the desired pressure within chamber 15. Processor 50 relays an adjust- 
ment signal through a controller 385 to a drive motor (not shown), which adjusts throttle valve 373 to a proper setting 
conresponding to the set-point pressure value. Suitable throttle valves for use with the present invention are described 

35 in commonly assigned, co-pending application Serial No. 08/672.891 entitled "Improved Apparatus and Methods for 
Controlling Process Chamber Pressure" (Attorney Docket Nos. 891/DCVD-ll/MBE), filed June 28, 1996. the complete 
disclosure of which is incorporated herein by reference. 

Isolation valve 371 may be used to isolate process chamber 15 from the vacuum pump to minimize the reduction 
of chamber pressure due to the pumping action of the pump. Isolation valve 371 , together with throttle valve 373, may 

40 also be used to calibrate the mass flow controllers (not shown) of CVD apparatus 1 0. In some processes. liqukJ dopants 
are vaporized, and then delivered into process chamber 15 along with a carrier gas. The mass flow controllers are used 
to nrx)nitor the flow rate of the gas or liquid dopants into the chamber 1 5. During calibration of the MFCs, isolation valve 
371 restricts or limits the gas flow to throttle valve 373 to maximize the pressure increase in chamber 15, which facili- 
tates MFC calbration. 

45 

D. Heater/Uft AgsemWy 

Referring to Figs. 9-1 5. heater/lift assembly 30 will now be described in detail. The heater lift assembly 30 functions 
to lift the wafer into the processing position within vacuum chamber 1 5 and to heat the wafer during processing. At the 

so outset, it should be noted that heateryiift assembly 30 may be modified for use. or directly placed into, a variety of 
processing chambers other than the exemplary SACVD chamber described and shown herein. For example, heater/lift 
assembly 40 may be used in a similar CVD chamlDer that generates plasma with RF or miaowave power, a metal CVD 
(MCVD) chavrb&. or other conventional or non-conventional semiconductor processing chamtsers. 

Referring to Figs. 9 and 13. heater,1ift assembly 30 generally includes a resistively-heated wafer support pedestal 

55 or heater 25 attached to upper and lower support shafts 391 . 393, a lift tube 395 circumscribing support shafts 391 . 393 
underneath heater 25 and a drive assembly 400 for vertically moving the heater 25. shafts 200. 201 and lift tube 202 
within chamber 15. As discussed in detail below, heater 25 (and the wafer supported thereon) can be controllably 
moved between a lower loading/unloading position where they are substantially aligned with stot 243 in enclosure 
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assembly 200 and an upper processing position beneath gas distribution date 20 iFin^ -i^nriA^ a u 
heater 25 includes an upper wafer support surface 403 sur^nd«i^Tn onl , ■ . ^ ^ ^'9- 7. 

the wafer is accurately IcStedduringT^^wZs^^^^^ 
diameter of waferWatthedepositic^te^SeeT^^^ 
5 W.B typically be about 6-8 inches (^0^ ^^^20 ^^^^^ far^S ^feS ^ST'^^li ™= '"'^'''^ 

for small size wafers. Of course, other wafel^^zeSct sUrwr^^^^^ (abjit 0.75 to 13.0 cm) 

j«^n.e scope Of the ir^ent^^^app.^^^^^ 

Lill lube 396 usually oronses araSZSTT ' T ^ P«««sn9 cliairb« 15. 

and unloading wafers, lift fingere43JSeSferl^^ 

of the robot blade. whSi is tSy a th^ Z£ nTc J!^"^ ' '"^^ '^'''^^ «idth 
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chemistries used in chamber 15 of. the electrodes and electrical connections within shaft 391 that might otherwise 
occur if the aluminum nitride were not present. Shaft 391 is preferat>ly diffusion-bonded to heater 25 to provide a gas- 
tight seal between heater 25 and shaft 391 such that the hollow core 445 of shaft 391 is at ambient temperature and 
pressure (preferably atmospheric pressure, i.e.. 760 Torr (1x10^ Pa) or 1 atm). In other embodiments, hollow core 445 

5 may be at a pressure of about 0.8-1 .2 atm and a temperature of about 10-200*'C. while chamber 15 may be at temper- 
atures of at least about 400**C and pressures of about 20 mTorr (2,66 Pa) to about 600 Ton* (8x10^ Pa) This configu- 
ration helps to protect the electrodes and other electrical connections from corrosion from the process and dean gases 
within chamber 15. In addition, maintaining the hollow core 445 of shaft 391 at ambient pressure minimizes arcing from 
the RF power source through hollow core 445 to power leads or the aluminum shaft This arcing that might othennnse 

fo occur In a vacuum is thus avoided. 

Referring to Figs. 9 and 10, upper support shaft 391 extends through an opening 453 in the lower surface of enclo- 
sure assembly 200, and is coupled to a base 455 that provides a gas seal between shaft 391 and chamber 15. Upper 
support shaft 391 is fastened, e.g.. bolted, to lower support shaft 393. which comprises a suitable process-compatible 
material, such as aluminum or an aluminum alloy. Lower support shaft 393 is preferably a water-cooled aluminum shaft. 

15 However, lower support shaft 393 nnay also comprise a ceramic material, such as aluminum oxide or aluminum nitride. 
One or more sealing members 457, e.g., 0-rings. are positioned between shafts 391. 393 to maintain the gas seal 
between core 445 and chamber 1 5. As shown in Fig. 9, lower support shaft 393 is nwuntaj to a vertically movable sup- 
port 461 on drive assembly 400 for moving the shafts 391 , 393 and heater 25 between the loading and processing posi- 
tions. Shaft 393 defines an inner coolant channel 463 passing around the electrical connections to further insulate 

20 these connections from the high temperature of the shaft. Coolant channel 463 has an inlet 464 and an outlet 466 cou- 
pled to water connections 217. 219, respectively, of liquid cooling system 215. Coolant channel 463 serves to maintain 
a relatively low temperature in the lower chamber area to protect sealing member(s) 457. In an alternative emt)odiment. 
heater assembly 30 comprises a single shaft (not shown) that supports heater 25 and extends through the lower open- 
ing 453 in enclosure assembly 200. In this alternative embodiment, sealing members 457 would not be used. 

25 Heater coil assembly 440 is configured to provide a temperature of at least about 200-800''C in chamber 15 at a 
rate of about 20*'C/min. Refeaing to Figs. 11 and 12. heater coil assenrd)ly 440 includes a heater coil 471 embedded 
into the ceramic heater 25. The routing of the heater coil 471 embedded in the heater base 25 preferably provides a 
single coil 471 that begins at one electrical contact 472 near the center of heater 25. runs back and forth along one side 
of heater 25 towards its perimeter, extends to the other side of heater 25, and then mns back and forth toward the center 

30 of heater 25 to a second electrical contact 474. This loop pattern provides heating to maintain a generally uniform tem- 
perature across the width of the plate while allowing for heat losses. Preferably, heater coil 471 will provide aljniform 
tenrperature distribution of at least about W- 2^*0 at 400*'C and at least about S'^C at 600''C across wafer support 
surface 403 of heater 25. In an exemplary embodiment, heater coil 471 will have a greater power density near the 
center of heater 25 to reduce the thermal gradient from heater shaft 391 . 

35 As shown in Fig. 14. heater coil assembly 440 preferably includes an embedded RF mesh ground plane electrode 
473 connected to a plurality of conductor lead wires 475 which extend through shaft 341 to a suitable electrical energy 
source. Mesh ground plane element 473 is a molybdenum mesh electrode which provides the ground path and plasma 
resistance in embodiments where plasnfia processes are used. Lead wires 475 preferably comprise a conductive mate- 
rial that can withstand relatively high process tenperatures. such as nickel, copper or the like. In an exemplary conf ig- 

40 uration. lead wires 475 are each nickel wires coupled to electrode 473 by a metal insert 477 that is co-sintered into 
electrode 473 to avoid brazing between ceramic and metal. Inserts 477 preferably comprise a material with a relatively 
close thermal expansion rriatch to aluminum nitride, such as molyt)denum. As shown, the molytxienum inserts 477 are 
each fastened, e.g.. brazed, to a molybdenum plug 481 , which is then brazed to lead wire 475. Ail of the wires of the 
heater coil, whether primarily resistive or primarily conductive, are sheathed in the continuous insulating coating (such 

45 as described above) which tolerate high temperatures so as to withstand casting of the aluminum nitride heater body. 
Referring to Figs. 9. 15A and 15B, heater lift assembly 30 includes at least one thermocouple 491 for determining 
the temperature of heating coil 471. Thermocouple 491 includes an elongate tube 493 having a sensor 495 (Fig. 9) 
inserted and held in contact with the underside of heater 25 at a distance of about 0.25 inch (0,63 cm) from the bottom 
of the wafer. To that end. heater 25 includes a thermocouple guide 501 (Fig. 1 5A) brazed to heater element 473 for con- 
so necting sensor 495 of thermocouple 491 to element 473. The thermocouple 491 is held in place by a slight spring force 
from a compression spring 503 (Fig. 1 5B). and provides a control signal for the temperature controller (not shown). Sen- 
sor 495 is preferably disposed in a well 505 which is at atmospheric pressure, which enhances the heat transfer 
between the heating element 473 and the thermocouple 491 to provide a more accurate reading. The temperature con- 
troller is a redpe-driven proportional integral differential (PID) controller which anticipates the recipe steps which are 

55 about to occur and alters the response characteristic of the heater to maintain a unifbmrt temperature profile. A vacuum 
seal and ground connection for the lower support shaft 393 is made along the side surface of shaft 393 (not shown) arKi 
connections to heater wire ends 51 1 and the thermocouple tube end 513 are made at atmospheric conditions. 

When the present invention is in use, a robot blade (not shown) transfers the wafer to the chamt>er 15 when the 
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heater 25 .s .n position opposrte slit 243 (or actually just below slit 243). The heater 25 arxJ wafer are lifted into th« 
processing posrtion by drive assembly 400 and lift fingers 430 sink into guide studs 432 Z^heJlrZS^ Z ^ 
wafer is deposited onto walfer support surface 430 within annular flange 405 of heaterls 7^ 4 9 2«1 1 oT^ 

' ZT^^ f ^ 3 ^ 6). The mixed gas is then delivered through inner pSsage ^95 S iniJtubf^ S 

through central hole 327 of base plate 265 into chamber 320 above gas diversion pi Je 301 wh^e 3 d ^ 
««rd and flows through holes 325 into chamber 31 7 above gas distrilJrtion pLT20 ^F^s 4 arS 5 * P^S t^e 
gaseunifbmnlyd^traxited through gas dstributionholes315onto the semLnd^^^ 

10 asseiT*ly440sothattheprocessgaseswillreacttogetheratthewafersu,faceandde^^ 

feSiS^!?? C.aa»rding to specific embodiments. In the preferred en*odiment. the tertpeiature is confrolled by a 
feedted^ control system (desaibed above for heater control subroutine 1 67) that maimains Te ramp ratftS «, 
current temperature in the chamber. During this process, inner lid assembly 230 recedes f^^TcJn^arSo^rc^ 
« ncluding the gases passing therethrough, the heated semiconductor wafer, and the wafer heS,g ^rc^^o^SiS 

t^t^Z^^r^T " 93 to reive he^fJo^e pSS 

265 and gas distribution and dispersion plates 20, 301 

^ nel 40"^^^^°^ "^""""^ """^ "'^'^ '° ^^^^^^'^ P^«^"^« wrthin pumping chan- 

exhl;, cSt^6?r^^^^ '^f """"^ ^"^''^"^ ^5 ♦f'~"9h channel 40 and 

SlTh V? ^ 9as may be directed generally upward into processing chamber 15 

So Z ^ r !f f^'^" °* ""^^ 250. The purge gas minimizes leakage o^c^^ 
gas into the lower portion of apparatus 1 0 and facilitates the removal of the process gas through port 361 

^5 E integral remote micrnw gve plasma syg^om 

rhar^t^t 1^ ^T^^'^ ?u °' ^ microwave plasma system 55 for cleaning the wafer and or the process 
^eun accordance wrth an embodiment of thepresentinvention.M 

30 of chambe 15. and possibly for use in depositions. Microwave plasma system 55 includes applica^o SteS a 
plasma ignition sj^tem (desaibed below); a microwave waveguiSe syste,r(describ^ SefcLva^S^Sn^e^^^ 
including an impedance matching system 701 which may Include an optional phase deSvS fa 
requ.ing feedbad. for automatic impedance matching, anj a circulator ^5 w* a iSd iTZ algn^^ T 

» wavercCToLI?Tfr'^'"''°"^ 

Zr suZy mSJo^TpS TnTT "^^Snelron 711 is powir^S 

S^L K ^ fr^J ™y '^^y magnetron 71 1 . Of course other maanetrons 

may be utiized as well. M^rowaves from magnetron 71 1 are transmitted to the microwave wav^uide slSS vS 

mc^^es various lengths of straight and curved waveguide sedions 715. 717whfehi^^ 

^r^^T ri r""""" to P-^^* "^S^et^on from damage du^ toXdeS^Z^ 

l„^ ^^'^^^ ^^'^^^^on of mlc^^vaves from magnetron 71 , towa?d appliSSS^r 
In a specify anbod.ment. microwave plasma system 55 has magnetron 71 1 connected to circuSor7^Jth load 

So;?ub\S2'S707S^^^^ 

ron . circulator 705 and load 707 thereby direct microwaves in the forward direction and protect maanetron 71 1 from 
T^^e^TrT^''- ^'•!r'^*" *° ^^"''^ ^ that is co':^S^rZe de 

ton 71 7 to another wavegude sectton 715 having attached tuning or matching system 70 1 Tuning whS, 

f^^^Sn? ■ impedance of the wavegukles. Tuning system 701 may provide 

^^JT ^" "^"^ '"""S- " '^'^ toning, according to specific embodiments. For ernbodim^sTSi^^o 

' '-^'^^^ ^"^y "^"^'^^ P^««« C '"'crowaves transmrttXr f^^* to 

matching system 701 . whi* .melligently and dynamically matches the load appropriately In the speSic ^.^Jn? 
wavegu.de sections have rectangular cros.-secfions. but other types of wav^JaTalso may be uS? ' 

AS seen m Rg. 16. microwaves direded through the optimized waveguide system are transmitted from aufrvrt 
waveguide sedion 721 to applicator tube 292. where a plasma is created. Applicator 2^24 hasTS^t S 
that receives readive gases that are energized by microwaves from magSron JulaZZ^^S^^J^Z 
other optin^zing elements Applicator tube 292 is a circular (or other aUsedionJ^bT m^ oTa 
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that the etchant gas. preferably mostly of fluorine radicals, is directed into the chamber where the gentle thermal dean 
occurs, but the plasma remains exterior to the chamber (i.e.. within applicator tube 292. see Rg. 1 6). While this process 
has a number of advantages for cleaning a wafer in chamber 1 5 and/or components of chamber 1 5 (discussed above), 
the lack of plasma in the chamber can make it difficult, using conventional endpoint detection systems, to pinpoint the 
5 time at which the cleaning has been completed. i.e. . when the last process gas residue in the chamber has reacted with 
the cleaning etchant so that it can be discharged from the chamber. Conventional endpoint detection systems typically 
rely on the use of a plasma within the chant)er and check emissions from the in §jjy plasma to determine the end of a 
cleaning process. 

The endpoint detection system of the present invention, however, may be used with either an in situ plasma or a 
10 remote plasma, such as provided by microwave plasma system 55. For example, in one exemplary process, fluorine- 
based gas is used to react with SiOj powder residue in the chamber to form a SiF4 gas. which is drawn out of chamber 
15 with the vacuum pump. When substantially aO of the Si02 in the chamber has been consumed, the fluorine-based 
gas cannot react with the SiOa to form SfF4. Instead, the fluorine-based gas may begin to contaminate the chamber 15 
or to react with, for example, the aluminum walls of the chamber to form an aluminum fluoride compound. Conse- 
15 quently. it is inrportant to determine the a|:proximate endpoint or the point at which the last Si02 residue has reacted 
with the fluorine gas so that gate valve 280 can be closed to prevent further fluorine radicals from entering chamber 15. 
As discussed further below, endpoint detection system 800 of the present invention determines the endpoint of a clean- 
ing process by detecting changes in light intensity that occur due to absoribance of light by the exhausted clean gas 
reactants such as SiF4. 

20 As shown in Fig. 17A. cleaning endpoint detection system 800 includes a gas detector 802 positioned along dis- 
charge conduit 60 between isolation valve 371 and throttle valve 373. Of course, gas detector 802 may be positioned 
in other locations within the exhaust system of apparatus 10. For example, detector 802 may be positioned downstream 
of throttle valve 373. as shown in Fig. 1 7B. In another embodiment, detector 802 is positioned along a bypass line 804 
that receives a sample stream of gas from conduit 60. as shown in Fig, 1 7C. In this embodiment, bypass line 804 may 

25 include a control valve 806 to vary the amount of flow passing through line 804, or to completely cease gas f bw along 
bypass line 804. for example, during gas processing of a wafer within the chamber. 

Referring to Fig. 17D. a preferred embodiment of gas detector 802 will now be desaibed. As shown, detector 802 
includes a housing 804 defining a through-hole 806 in communication with conduit 60 for allowing the gases and other 
residue from chamber 15 to pass therethrough. A pair of flanges 808. 810 preferably attach housing 804 to conduit 60. 

30 The side walls of housing 804 include a pair of infrared (IR) windows 812, 813 that are configured to allow far-IR light 
to passlhrough. Far-IR light has wavelength starting at about 10 mm. IR windows 812, 813 are spaced by a length L 
and preferably comprise a material substantially transparent to far-IR light such that zero or substantially little of the light 
is absorbed by windows 812, 813. In addition, the IR window 812, 813 material should be process-conpatible. inert with 
respect to the process and clean gas chemistry, and the material should not contaminate the film. In embodiments 

35 where fluorine radicals are used for the cleaning process, windows 812 and 813 are resistant to fluorine. Preferred 
materials for IR windows 812, 813 include germanium, calcium fluoride, or the like. 

As schematically shown in Fig. 17D. detector 802 further includes a far-IR lamp 814 suitably coupled to housing 
804 for generating far-IR light and transmitting this light through windows 812, 813 so that the light passes through-hole 
806. An IR detector 816 is coupled to housing 804 in position to receive and detect the far-IR light passing through win- 

40 dow 81 3. Preferably, far-IR lamp 814 may be a tungsten lamp source with an optical notch filter. 

When the present invention is in use. the clean gas reactants (e.g.. SiF4) are directed along conduit 60 and 
through-hole 806 of detector 802. Far-IR lamp 814 transmits far-IR light through window 81 2, through-hole 806 and win- 
dow 813. where it is received by detector 816. As the light passes through the clean gas SiF4 reactants. these reactants 
(i.e.. the silicon) absorb a portion of the far-IR light, which reduces the light intensity received by detector 816. Theflu- 

45 orine does not absorb the far-IR light. Therefore, when the far-IR light intensity detected increases up to a reference 
value, detector 816 sends a signal to a controller (not shown) indicating that the concentration of SiF4 passing through 
conduit 60 has substantially diminished or completely stopped, which indicates that the cleaning endpoint has arrived. 
At this point, the controller sends an appropriate signal to processor 50 to dose gate valve 280 and to prevent futher 
etchant gas from entering chamber. In the above exemplary clean process, endpoint detection system 880 utilizes 

so source 81 4 to provide, and detector 81 6 to detect. far-IR wavelengths that can be absorbed by clean gas reactants SiF4. 
which absorb fight with a wavelength of about 10 mm. and fluorine, which absorbs tight with a wavelength of about 5-6 
mm. In other embodiments, source 814 and detector 816 can provide light at different wavelengths, depending on the 
light absorbance characteristics of the specific dean gas reactants utilized in the clean gas process. 

By way of example, lo is the intensity of the far-IR light when no SiF4 is flowing through conduit 60 and the detector 

55 816 receives the full intensity from lamp 814. As SiF4 flows through through-hole 806 during deaning. the far-IR light is 
absorbed and the intensity received by detector 816 (I) is reduced, given by the expression: 



W^ = exp{-X*L*C) 
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ceramic material, preferably alumina, or other material resistant to etching by radicals in the t)lasma arr«Mi„« 
crf.c embedment in the ^tfic embodiment, applicator tube 292 has a?eng?ra^ut*8 '^^^^^ 
and a cross-secfconal diameter of about 3-4 inches (7.56 to 10.08 cm) /^bcator \lt2^^iS:tt,^ I 
waveguide section 721 . which is open at one end for transmitting mic«,5Sves^ fe^J^atSl^^^ 
5 metal walK Miao«aves are then able to be transmitted througS the ^Info ^gu de^^^^^^ 

gases,ns.de applicator tube 292. which is transparent to microwaves. W course. otherrSterik sSS^arsLS t^SSS 
may be usedfor the .merior Of applicator tube292. in other emb^^^^^ 

th^hl ^ ^^^^ "«terial and miaowaves in waveguide sedSn T^TenTeTl 

through the extenor of appbcator tube 292 to the exposed interior of tube 292 to en/rgize the reactive ga 

laJ 7?3f n j;^!^'"'^*'.^ ^^"^ "^^ 'S""^ P'^^ '9"*°" «hich includes an ultraviolet (UV) 
S^u^lX pci^'^^^ °" -«tal wan Of ^veguKie secTn 72^ 

^^^^y^X^r* « ^^"^^ °" Powered by UV 

power supply 733. UV lamp 731 provides the initial ionization of the plasma within aooficator tube 292 lUirr™! 
ene^y then sustains the ionization of the ignited plasma to produce the flow oflt^S^fr^eMrSe^fsot^ 
? rif J ^'Vf ^-^^ - 'oad within applicator tube 292 from the In a!S Son 

t SS^L"^^'" °' "^''^'^^ system 701 optimizes the microwave energy cou^^ Scy 

In prefer ed eml«diments. matching system 701 includes at least one stub tuner under the iol of p^es«^^S i 

sucn tna applicator tube 292 outputs plasma radicals into inlet 290 of enclosure assembly 200. as seen in Ra 3 Rad 

made o^ pdytefraflouroethylene (PTFE). PTFE. which is commercially available, tor iLflonb P^^^^^ 

resistant to etching or deposition from the reactive chemistry input at inlet 290 LTerT97rl;i JlorTn^^ 

of po^efra^luouroethylene resins with a perfluoroalkoxy side chain), fluorinated ethylene.p«)pylene (^TSS 

ana applicator tube 292. From this lined passage in enclosure assembly 200, plasma radicals flow into conduit 47 in 
^ dean gas manifoW 270 to gate valve 280. Clean gas manifoW 270 is also cons' oT^FE PTF^lZTJ,^^ 
S It'? ""°'"' '''''''' '"^"^ ^« ^"^^ PTFE is resfe^t to^c n^bS^e 

tioned above tor hner 291) which are resistant to the particular chemistry depending on the reactive oases usi 
In some embodments. gate valve 280 isolates the clean processes from the deposition o^^ens^S.^^ 

wafer J^^S^- ^^"^ ^''^ ^'^'^ pSocessek ^m^ZZtZ^e 

If deposition at pressures of between about 200-760 Torr (2 6 x 10" to 1 x lo^ Pa\ e^r.,rJ^^^Z,° , oXT 
deposition may be caused in applicator tube 292. leading tl ^^tl^in^tiln oL ^ 1^^^^^ 
0 IS preferably made of PTFE (or similar materials such as those discussed above for Hner S 1 mm 27m to mfn 

emtodiment gate N«lve 280 is a particle-grade gate valve. In embodiments using gate valve 280 only wheJ S,aSJS 
15 IS used for a wafer cleaning step or when a chanter cleaning is performed cLs gate vjve 280 alSio 
Ptesma radicals to flow into fluid passage 293 of gas mixing box 273. as seen in Fig. 3^^^lnSS^e fn Ze 
. «^"^nts gate valve 280 is not used at all. The plasma radcals then may flow through a^nutertaSe'Ss 
rj2"p J P'"*" '° P'«*« 20 as well as various pSrts of chLSJ 15 are 

21 TK. I and used cleaning gases are then exhausted from chamber 15 with the exhaust sttem dirus^Z 
abova The deanmg process of chamber 1 5 and the deaning of wafer surfaces are discussed in detailbel 



so F. Endooint Detection Ryiy tpm 



55 



Figs. 1 7A-1 7D iflustrate a deaning endpoinf detection system 800 for microwave plasma system 55 accoidina to 

, ^ mention, the gentle deaning technique using remote microwave plasma system 55 utilizes onlv 
chemical reasons, m contrast to using in silu plasma processes where physical sputteringTffS rJIy reid 
aluminum the chamber walls and lead to aluminum metal contamination in the SS^^ ^ ' ^ 
In the cleaning process using remote plasma system 55. the plasma is produced remotely from diamber 15 such 
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where X is the extinction coefficient of IR windows 81 2. 81 3 or a filter (not shown), L is the length between windows 812. 
813 (see Fig. 1 70) and C is the concentration of SiF4 passing through detector 802. As l/io approaches the value 1 . the 
SiF4 concentration is diminishing, which means that the cleaning endpoint is approaching. The controller continuously 
monitors l/lo until this value approaches 1 . which indicates that the cleaning endpoint has arrived. 

5 While the desaiption above is in terms of a CVD chamber for a multichamber processing system, it would be pos- 
sible to implement certain features of the present invention with other plasma etching chambers, physical deposition 
chambers or the like. Therefore, the above description and illustrations should not be taken as limiting the scope of the 
present invention as defined by the appended claims. It should be noted that the invention is not limited to a single wafer 
chamber as described above and shown in the enclosed drawings. For example, the throttle valve of the present inven- 

10 tion could be installed into a batch chamber that simultaneously processes a plurality of wafers. In addition, the inven- 
tion would be suitable for use in a multiple wafer chanfU>er that sequentially performs individual processing steps on 
each of the wafers. 

II. High Temperature Muitipie-Step Processes Using the CVQ Reactor System 

IS 

A. Exemplary structyres and Applications 

Fig. 18 illustrates a simplified cross-sectional view of an integrated circuit 900 according to the present invention. 
As shown, integrated circuit 900 includes NMOS and PMOS transistors 903 and 906. which are separated and electri- 

so cally isolated from each other by a field oxide region 920 formed by local oxidation of silicon (LOCOS), or other tech- 
nique. Alternatively, transistors 903 and 908 may be separated and electrically isolated from each other by a shallow 
trench isolation (not shown) when transistors 903 and 906 are both NMOS or both PMOS. Each transistor 903 and 906 
comprises a source region 912. a drain region 915 and a gate region 918. 

A premetal dielectric (PMD) layer 921 s^arates transistors 903 and 906 from metal layer 940 with connections 

25 between metal layer 940 and the transistors made by contacts 924. Metal layer 940 is one of four metal layers 940, 942. 
944. and 946. included in integrated circuit 900. Each metal layer 940. 942, 944, and 946 is separated from adjacent 
metal layers by respective inter-metal dielectric layers 927. 928. and 929. Adjacent metal layers are connected at 
selected openings by vias 926. Deposited over metal layer 946 are planarized passivation layers 930. CVD apparatus 
1 0 may be used to d^osit films used, for example, as PMD layer 921 . IMD layers 927, 928 and 929, or passivation layer 

30 930. CVD apparatus 10 also may be used to d^osit oxide filling layers for shallow trench isolation structures used in 
place of LOCOS field oxide region 920. 

Another example of a use of CVD apparatus 10 described above is forming ultra-shallow source and drain regions 
912 and 915 shown in exemplary integrated circuit 900 of Fig. 18. Application of the present method for forming ultra- 
shallow doped junctions in fbnning the source/drain regions for a MOS transistor is discussed, as an example, with Figs. 

35 19A-19E. 

Fig. 19A is a simplified cross-sectional view of a partially completed MOS transistor. Merely as an example, the 
MOS transistor 1000 is a PMOS transistor. Of course. NMOS transistors also may be formed. For PMOS transistor 
1000. a doped dielectric layer 1008 used may be a BSQ film as the P type dopant source. As seen in Fig. 19A. a gate 
electrode 1002 overlying gate oxide 1003 has already been formed on material 1004. In the present example, material 

40 1004 may be an N type substrate or an N wet! formed in a substrate. Field oxide regions 1006 also have been formed 
by a method such as local oxidation of silicon (LOCOS). The regions where ultra-shallow doped junctions are desired 
may be defined using a mask. In the present example, the regions are source/drain regions 1010 and 1012, but of 
course the regions may be defined to form lightly doped drain (LDD) regions. Using the CVD reactor system desaibed 
above with process recipes discussed in detail below, a doped dielectric layer 1 008 is formed over source/drain regions 

45 1010 and 1012 on a wafer resting on resistively-heated heater 25. 

Prior to forming doped dielectric layer 1008 over source/drain regions 1010 and 1012, the surface of source/drain 
regions 1010 and 1012 may be cleaned of any gate oxide or native oxide that may exist either by using a plasma formed 
by reactive gases such as NF3 from remote miaowave plasma system 55 described above or by using a thermal NF3 
vapor. During the cleaning procedure, gate valve 280 would be opened to allow fluorine radicals from the NF3 plasma 

50 to enter chamber 15 to clean the oxides that may exist on the surface of source/drain regions 1010 and 1012. Cleaning 
these oxides allows a nwre consistent drive-in of dopants from doped dielectric layer 1008 that is formed over 
source/drain regions 1010 and 1012. The fluorine radicals from the remote plasma may be used to clean native oxides 
from the wafer in chamber 15. In the cleaning procedure, heater 25 may be adjusted to a position where the fluorine 
radicals are optimally able to clean the oxides without damaging the device on the wafer. Preferably, this native oxide 

55 removal/cleaning step and the deposition of doped dielectric layer 1008 are performed in the same chamber in an iQ 
situ manner. Use of the above described CVD apparatus 10 avoids moisture absorption by the wafer, since the vacuum 
of chamber 15 is not broken and the wafer is not exposed to the environment. Alternatively undesired oxkJes may be 
cleaned from the wafer by thermally breaking down NF3 vapor in situ. With this alternative, fluorine radicals are pro- 
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35 



40 



45 



50 



55 



heated to between about S^-65^C oTefeS^ SSS Vn!?lT^ ? 1^"^' 1 5. At the same time, chamber 1 5 4 
X 103 to 1 X 10= Pa) prefemblylSo Cjfx Xa)' vS^^iTJ^S?.' ' ''"^T ^ ^O'^eo Terr (8 

5 22.68 mm), preferably about 600mil MS 12 mU fm2'«^^ o^^^ ^""^ 150-900 mil (3,8 to 

also would be mo.ed irto the S^KSslna S«nH hl^T*^ 25 
10 of chamber 1 5, according to ^^^^^^^^i^^^- ^^'^ ° ^^'^ temperature in the vacuum 

tures (about ^O-eo^Qll^cT^^^^T,^'^^^^^^ 'l ''^ 

the doped dielectric layer 1 008 formedon ^fi belo«^VVithout an native oxide bamer. dopants from 

ultra-Shallow source«L re^^7?oa^^^^ 

dcpants from doped dielectric layer into N tyl SSm Jt2^„!i^^^^ t ^ r^*"^ ^« drives 
dWu^on source for the resultingLshl^^^^uSn^'^^^ 

closed during this drive-in step As an alter n Ju«Tr^h. 1 f '^'9- «*i«e. gate valve 280 remains 

furnace or a^apid thermTl pr«^ ^^T^tt^^ T^ "^.^ ""^ ^ to an annealing 

» dielectric layer 1008. Sl^s '?^^^^^ "'"«'*amber system) to drive-in dopants from dopeS 

process. Pr W^ri^^is perS T^TrZ^' ^rT'""'' « *'«'^> 

between about 950-1 100-cTbZ* 2^^^^ 

other embodiments. P'^^^'^^ ^ 00°°^ for about 1 minute, in these 

=So^r.-^^^^ 

doped dielectric layer lOoTSs tran^^^^^^^ 

1020 Which are urtLhaL P ty^X^nZ^^^^^^ '^^^ 
device may be performed on the i Thereafter, remaining process steps for the completion of the 

243 which is then ^cvv^^^^Zwe Z^ rS^l^ ^^"^'^^'^^ «'^°"9'^ ^ot 

formed using remove micr^r^TJZ^'i^L^^ I^"^ *° '""^ P™<=ess to be per- 

endpointdetector sj^em. ^ ' '"^ """^^^ *° spectfications. as indicated by the 

dcpiSScraTerToS^S^^^^ 

1 9A. a capping layer 1030 such as U^sS^^cLTZ ^^^^^^^ "^n'n? "T"'" ^" 

within chamber 15. During the deposition of ^vS ?^n« 2 '^f ^. J^ ^'^^^ ^ P^e'e^aWy in an in gily process 
be heated for diffusion «if dpS^^diS diS^^^^ ■ ^''^ ^"'^^'^^^ 

above for Fig. 19B "^^^ semiconductor material 1004 as discussed 

layer 1008 with overly^g ^aJCISsTteJeSJS, nf !f " from thedoped dielectric 

anddrainjunctons1020^2lye??^^^^^ 

to provideUally completed SS;,^;^^^ 

about a 0.25 mm device oeometrv diffus/m J Kl^r^fLf 1 ^' IS remaining processing steps. For 

capped witha USGfilm Of bXni^^^^^ ^'^If"^ ^ '~-200 A 

rnmtoabout0.1^,accordingto^t^e;°:St::irP^^^^ 

Ntyp^.r:;^C°r^r.^y^°fo^^^^^^ 

1008s^asaPSOfilm.anars:n^:r^rgr^^^^ 
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of the present invention. P type material 1004 may be a P type substrate or a P well formed in a substrate. For about a 
0.25 mm device geometry, a PSG film thickness between about 100-200 A and a USG film between about 100*200 A 
results in a depth of phosphorus driven into the semiconductor nr\aterial that ranges from between about 0.05 mm to 
about 0.1 mm. according to preferred embodiments. Of course, it is recognized that other doped silicate glass f 0ms may 

5 be used to provide the N type or P type ultra-shallow junctions depending on the application. 

Another example of a use of the present invention Is forming an ultra-shallow doped region as a channel-stop in a 
shallow trench isolation structure between devices. Application of the present method for fonning an ultra-shallow chan- 
nel-stop region is discussed with reference to Rgs. 20A-20G. 

Fig. 20A is a simplified cross-sectional view of a partially completed shallow trench isolation structure formed in 

w semiconductor material 1 100. As seen in Rg. 20 A. a trench 1 102 is formed in semiconductor material 1100 using ani- 
sotropic etching techniques including reactive ion etching, plasma etching, or other techniques. In the present example, 
the semiconductor material 1 100 may be a P type substrate or a P well formed in a substrate. A mask 1 104 may be 
used to define the channel stop region in the shallow trench isolation. Using process recipes discussed in detail below, 
a doped dielectric layer 1106 is formed over trench 1102 using mask 1104. Doped dielectric layer 1106 provides a 

15 source of dopant atoms to diffuse and form a channel-stop doping region used to prevent a conducting path from form- 
ing between devices in semiconductor material 1 1 00. For P type material 1 1 00, doped dielectric layer 1 1 06 may be a 
BSG film as the P type dopant source. 

Prior to forming doped dielectric layer 1 106 over trench 1 1 02. the surface of trench 1 102 may be cleaned of any 
gate oxide or native oxide that may exist by using remote microwave plasma system 55 to provide a fluorine radicals in 

20 a remote plasma formed using reactive gases such as NF3, as discussed below. During the cleaning step, gate valve 
280 is open to allow fluorine radicals to flow from conduit 47 through outer annular passage 297 and into chamber 15 
via distribution plate 20. Heater 25 with the wafer thereon is lowered into a position for the cleaning so that the fluorine 
radicals can clear the wafer of the unwanted oxides that may exist on the surface of trench 1 1 02 without damaging the 
substrate. Cleaning these oxides allows a more consistent drive-in of dopants from doped dielectric layer 1 106 that is 

25 formed over trench 1 1 02. The cleaning step and the deposition of doped dielectric layer 1 1 06 are performed in chamber 
1 5 in an in sily process. In alternative embodiments, the cleaning step may be done by thermally breaking down NF3 in 
sjlu . as discussed above. The fluorine radicals from the NF3 plasma or vapor then clear the oxides that may exist on 
the surbce of trench 1102. In further alternative embodiments, a separate chanri)er of the multichamber system 
desaibed above may be used for this cleaning step. Since moisture absorption by the wafer is avoided by not breaking 

30 the vacuum of chamber 15 (or altemativeiy of the multichamber system), the surface of trench 1102 is free of native 
oxide barriers. After the cleaning step is performed, gate valve 280 is closed. Without the native oxide barrier, dopants 
from doped dielectric layer 1 106 may more easily and uniformly be driven into the substrate to form ultra-shallow junc- 
tions used as a channel-stop region to provide shallow trench isolation. Heater 25 with the wafer thereon is moved into 
the processing position and heated to high temperatures (about 500-700''C) for deposition of layer 1 106. 

35 After deposition of doped dielectric layer 1 106. the wafer remains in chamber 15 for the drive-in step. Gate valve 
280 remains closed, and heater 25 is heated to a higher temperature (about 800*»C). The heating occurs for a specified 
time that depends on the desired junction depth needed for the diffusion. Alternatively, the wafer may then be trans- 
ferred to an annealing furnace or a rapid thermal process reactor (preferably within the multichamber system) to drive 
dopants from doped dielectric layer into P type material 1 100. Doped dielectric layer 1 106 is used as a P type dopant 

40 diffusion source for the resulting ultra-shallow channel-stop region 1 108. as shown in Fig. 20B. Ultra-shallow channel- 
stop region 1 108 is a P-i- type region formed in P type material 1 100. 

After diffusion, doped dielectric layer 1 106 is removed by wet etching techniques or other removal technique from 
P type material 1 100. Preferably, the wafer remains in chamber 15 so that gate valve 280 may be opened and radicals 
from remote microwave plasma system 55 may etch away layer 1 106. Of course, reactive gases input to plasma system 

45 55 depend on the type of doped dielectric layer 1 106. Fig. 20C illustrates the partially completed shallow trench isola- 
tion structure after removal of doped dielectric layer 1 106. As seen in Fig. 20D. trench 11 02 is then filled with an oxide 
1 1 10 to form the shallow trench isolation structure. In a preferred embodiment a high quafity USG film deposited at high 
temperature may be used as oxide 1 1 10 to fill high aspect ratio trenches. Oxide 1110 also may be formed using other 
deposition techniques. 

£0 After conpleting shallow trench isolation structure having ultra-shallow channel-stop region 1 108. devices 1112 
and 1 1 14 separated by shallow trench isolation structure may be formed, as seen in Fig. 20E. Devices 11 12 and 1 1 14 
each include a gate electrode 1 1 16 and adjacent source/drain regions 1 1 18 and 1 120. Thereafter, remaining process 
steps for the completion of the device may be performed by transferring the wafer to another chamber, preferably in mul- 
tichamber system. After the wafer is transferred from chamber 15. a chamber dean nr«y be performed using remote 

55 microwave plasma system 55 with resistively-heated heater 25 adjusted to a cleaning position and gate valve 280 being 
open, as already described above in connection with Figs. 19A-E. 

In an alternative embodiment, steps shown in Rgs. 20F-20G are performed after steps shown in Fig. 20A. After 
doped dielectric layer 1 106 is formed over trench 1 102 and mask 1 104 as seen in Fig. 20A. a capping layer 1 1 10 such 
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rapid removal of fluorine spedes occxirred. resulting in poor cleaning results. At chamber pressures higher than about 
1 -2 Torr (1 33.3 to 266.6 Pa), recombination may occur due to collision losses, as welt as causing overheating and dam- 
age to applicator tube 292. Chamber 1 5 should be maintained at pressure levels where fluorine species are not rapidly 
removed, recombination does not occur, and applicator tube 292 does not break. In some embodiments, the chamber 
pressure may be limited by the physical dimensions and material of applicator tube 292. when microwave power is 
being applied. In a ^ecific embodiment, the pressure in applicator tube 292, when miaowave power is applied, may 
be about 3 times as much as the optimal chamber pressure. When different applicator tubes are used with different flow 
rates, the optimal chamber pressure will vary. Of course, any pressure may be used when applicator tube 292 is used 
without microwaves being applied. 

Since the plasma is formed upstream of the wafer, only the reactive fluorine radicals in the plasma are able to reach 
the wafer to clean the native oxides from the wafer. As mentioned above, the cleaning step preferably is done for about 
5-10 seconds for a typical native oxide of thickness of about 90 A. The above cleaning step etches native oxides at a 
rate of about 2 ^m/minute. Of course, the total time of the cleaning step depends on the thickness of the particular oxkJe 
to be cleared off the wafer. With remote microwave plasma system 55 of present invention, native oxides or other oxides 
may be etched and plasma damage to the wafer is avoided. 

Although the at)Ove wafer cleaning process conditions are exemplary for the present embodiment, other conditions 
may also be used. The above description discusses NF3, merely as an example, in a Giga Fiil6 Centura system avail- 
able from Applied Materials fitted for 200-mm wafers, as do the various deposition descriptions below. However, other 
fluorine-containing or chlorine-containing gases, such as NF3 and Ng, NF3 and argon. NF3 and O2. a dilute F2. CF4. 
C2F6. C3F8, SFe or CI2. etc.. may be used as well. 

C. Exemplary Silicate Glass Depositions 

According to the process of the present invention, dielectric layers used as the dopant source. PMD layer, IMD 
layer, oxide filling layer, capping layer, or other layers may be formed using any of several different processes. The proc- 
ess recipes of a BSG fSm. a PSG films, a BPSG film, and a USG film are set forth below as examples of doped and 
undoped dielectric layers used in the present invention. Of course, during the below described deposition of various die- 
lectric films, gate valve 280 remains closed (unless revnoXe plasma system 55 is being used for deposition, in accord- 
ance with an alternative embodiment). The exemplary proc^ses may be performed in CVO apparatus 10, which is a 
closed, single-wafer. SACVD system in preferred embodiments. 

CVD apparatus 10 also may be adapted with different and/or additional input gas supply sources to deposif BPSG, 
arsenic doped silicate glass (AsSG). or other dielectric layers as well. Of course, those of ordinary skill in the art will 
understand that other process recipes and other reaction systems like plasma enhanced CVD (PECVD) may also be 
used to deposit the delectric films. Examples of boron sources include TEB, trimethylborate (TMB). ditx)rane (B2H6). 
and other similar compounds. Examples of phosphorus sources include triethylphosphate (TEPO), triethylphosphite 
(TEP|). trimethylphosphate (TMOP). trimethylphosphite {TMP|), and other similar compounds. In addition to BSG or 
PSG films, arsenic doped oxides or arsenic silicate glass (AsSG) also may be deposited using, tor example, a liqukJ 
source with an arsenic compound or an arsenic gas diluted in argon, as examples. Examples of silicon sources include 
sitane (SiH4). TEGS, or a similar silicon source, and oxygen sources include O2. 03. microwave-generated atomic oxy- 
gen (O), or the like. In the desaiptions below, flow rates for liquid sources are provided in milligrams per minute (mgm) 
white gas flow rates are provided in standard cubic centimeters per minute (seem). In these descriptions, liquid sources 
are vaporized using a Precision Liquid Injection System, and liquid flow rates in mgm may be converted to gas flow 
rates in seem by multiplying liquid flow rates by a factor of about 1 .923 so that flow ratios may be calculated accordingly 
Preferably, stable doped dielectric films may be formed using the TEOS/O3 chemistry in a SACVD process to form dam- 
age-free, uniformly doped ultra-shallow junctions in some embodiments. In other embodiments, a low moisture doped 
dielectric film may be formed using TEOS/O3 chemistry with a SACVD process conducted in CVD apparatus 10 to pro- 
vide a planarized insulating layer with high aspect ratio gap-fill, low shrinkage, low metal contamination, and low fluorine 
incorporation. 

1 . Exemplary BSG Film Deposition 

As merely an example, the BSG film deposition recipe described below is capable of forming a BSG film that may 
be useful as a doped dielectric layer used as a dopant diffusion source. Of course, the recipe may be varied depending 
on the particular use for and desired qualities of the BSG layer. A PSG layer formed as a doped dieledric layer used as 
a dopant diffusion source could similarly be fomied using the recipe below and appropriately substituting the dopant 
source gas employed. 

The exemplary BSG bulk film is deposited by heating the wafer and heater 25 to a temperature of between about 
200-650*'C. preferably to a temperature within the range of about 400-650^C and most preferably to about SOO'^C. and 
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the range of about 150-600 Torr (2 x 10^ to 8 x 10^ Pa), and most preferably it is maintained at about 200 Torr (2.6 x 
10"^ Pa). Heater 15 is positioned about 1 50-400 mil (3.8 to 10 mm) from gas distrbution plate 20 and is preferably posi- 
tioned about 300 mil (7.56 mm) from plate 20. 

A process gas including TEB as the source of boron. TEPO as the source of phosphorus, TEOS as the source of 

5 silicon, and O3 as a gaseous source of oxygen is formed. Being liquids, the TEB. TEPO and TEOS sources are vapor- 
ized by the liquid injection system and then combined with an inert carrier gas such as helium. Of course, it is recog- 
nized that other sources of boron, phosphorus, silicon, and oxygen also may be used. The ftow rate of TEB is preferably 
between about 150-200 mgm. The flow rate of TEPO is between about 10-100 mgm. preferably between about 35-75 
mgm, most preferably about 24 mgm, depending on the desired dopant concentration, while the TEOS flow rate is 

10 between about 300-700 mgm. The vaporized TEOS. TEB. and TEPO gases then are mixed with a helium carrier gas 
flowing at a rate of between 2000-8000 seem, preferably at a rate of about 6000 seem. Oxygen in the form of O3 is intro- 
duced at a flow rate of between about 2000-5000 seem and is preferably introduced at a flow rate of about 4000 seem. 
The ozone mixture contains between about 5-16 wt % oxygen. The gas mixture Is Introduced into chamber 15 from gas 
distribution plate 20 to supply reactive gases to the substrate surface where heat-induced chemical reactioris take place 

15 to produce the desired film 

The above conditions result in a BPSQ film deposited at a rate of between 3500*5500 A/minute. By controlling the 
deposition time, the thickness of the BPSG film deposited may thus be easily controlled. The resulting BPSG film has 
a boron concentration level of between 2-6 wt % and a phosphorus concentration level of between 2-9 wt %. 

The parameters in the above BSG, PSG. BPSG processes and in the below USG processes should not be consld- 

20 ered limiting to the claims. For example, the present invention is also applicable to silicon oxide films doped with other 
dopants including, for example, arsenic. As another example, the flow values discussed above apply for a chamber out- 
fitted for 200-mm wafers, but may differ depending on the type or size of the chamber used. One of ordinary skill in the 
art can also use other chemicals, chamber parameters, and conditions to produce similar films. 

It is believed that film stability may be a factor in the availability of dopant atoms in the doped dielectric films for dif • 

25 fusion into the semiconductor material. Several methods to improve film stability and improve the ability to control 
dopant diffusion from these doped dielectric films into the semiconductor material were investigated. Each method 
described may be performed on a doped dielectric layer, after the layer is d^osited using a recipe such as one of the 
exemplary deposition recipes described above. Furthermore, although methods described below are with respect to 
treatment of a BSG (or PSG) film, the methods are equally applicable to any doped silicon oxMe film. 

30 

4. Exemplary USG Film Depositions 

a. Oxide Filling Material Or Insulating Layer 

35 According to one embodiment of the present invention, an undoped silicate glass (USG) layer can be deposited in 
CVD apparatus 10 for use. for example, as an oxide filling material for filling a shallow trench used for shallow trench 
isolation. Of course, the USG film also may be used as an IMD layer, an insulating layer, or other layer. The exemplary 
USG recipe discussed below provides a very dense and uniform film which can survive annealing at temperatures of 
greater than SOO^C with minimal shrinkage. The USG film, which provides excellent gap fill capability for high aspect 

40 ratio step coverage, can also endure several etch processes at very uniform etch rate without opening up any voids in 
the USG. The USG film, also can endure chemical mechanical polishing (CMP) planarization without opening up any 
voids or creases in the USG. 

The wafer and heater 25 are heated to a temperature vyithin the range of about 200-650**C, but preferably between 
about 550-650''C. and then maintained at this temperature throughout the deposition. Heater 25 is positioned about 

45 250-400 mil (6,3 to 10 mm) away from gas distribution plate 20 and preferably at about 350 mil (8,8 mm). With gate 
valve 280 closed, the pressure in chamber 15 is maintained at a level of between about 10-760 Torr (1 .33 x 10^ to 1 x 
10^ Pa), preferably about 600 Torr (8 x 10^ Pa). 

A process gas comprising oxygen and silicon sources is introduced into the deposition chamber. In a preferred 
embodiment, the silicon source is TEOS and the oxygen source is O3. but those skilled in the art will recognize that 

50 additional silicon sources such as SiH4. TMCT or similar sources, and other oxygen sources such as O2. H2O, N2O. 
microwave-generated atomic oxygen, and similar sources and mixtures of the same also can be employed. When 
TEOS is used as a silicon source, a carrier gas such as helium or nitrogen is employed. The ratio of O3 to TEOS may 
range from atx)ut 2-1 7:1 . but is preferably between about 2-6: 1 . 

The optimal total flow of the gaseous reactants will vary according to the geometry and design of the deposition 

55 chamber. The gas flow also can be varied to control the deposition rate. Typically. TEOS is introduced at a flow rate of 
between about 500-2500 mgm and is preferably introduced at a flow rate of about 2000 mgm. O3 (between about 5-16 
wt % oxygen) is introduced at a flow rate of between about 2000-10000 seem. preferat)ly about 5000 seem. Helium or 
nitrogen may be used as a carrier gas that is introduced at a flow rate of between 2000-10000 seem and preferably 
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Flow of the dopant source into chamber 15 then is stopped while the thermal reaction continues for an additional period 
of between 1-30 seconds. Preferably, the thermal reaction continues for about 3-10 seconds, in this embodiment, the 
dopant source is stopped by closing a valve on the source's supply line so that the thermal reaction is maintained with- 
out a dopant for at least 5 seconds. 

5 Of course, stopping the dopant gas source must be coordinated with the time it takes the gas to travel from the point 
of the valve to the gas mixing system 93 and then through the faceplate of plate 20. In most CVD machines several sec- 
onds is required for gas to flow from the injection valve to the deposition chamber, so the valve should be dosed suffi- 
ciently in advance to allow for these delays. Thus, if TEB is the boron source, dosing the valve on the TEB supply line 
several seconds before conpletion of deposition of the BSG layer results in a thin USG cap which prevents occun^ence 

10 of the previously described moisture absorption and outgassing phenomenon. 

The in SilU deposition of the USG cap formaJ on the doped dielectric layer results in improved stability and immu- 
nity to moisture absorption, and contributes to improved control of the diffusion that forms ultra-shallow doped regions. 

Instead of or In addition to the use of a USG capping layer, a plasma treatment of the doped dielectric layer also, 
may be used to reduce moisture at)sorption and improve stability in the doped dielectric layer. In those embodiments 

15 equipped with a RF plasma system, this plasma densif ication treatment may be used where plasma damage to the 
device is not a significant concern. In some embodiments, the deposition at temperatures greater than about SOO^'C 
may be suffident to provide a dense dielectric film. The improved stability of the plasma-treated doped dielectric layer 
contributes to improved control of the diffusion that forms the ultra-shallow doped regions. Chamber 15 is maintained 
at between about 1 -5 Torr (133,3 to 666,5 Pa) during the plasma densification treatment. With gate valve 280 dosed, a 

20 plasma formed using a reactive gas such as. for example, nitrogen (N2), ammonia {NH3), or argon, is introduced into 
chamber 1 5. As merely one example of the plasma treatment that may be used, a reactive gas such as is introduced 
in gas mixing system 93 at a rate of about 1000 seem mixed with helium at 1000 seem. RF plasma system is operated, 
for example, at a power level of about 450 Watts at a RF frequency of about 350 Megahertz (MHz) to create a plasma 
in chamber 15. The plasma serves to passivate the surface of the doped dielectric layer, which may have some nitrida- 

25 tion on its surfece. The plasma treatment thus densif ies the doped dielectric film. More dopants in the densif ied doped 
dielectric film, which is resistant to moisture absorption, are available for forming the ultra-shallow junctions 

D. Heating Processes For In Situ Depositjon And/Or For Reflow 

30 CVD apparatus 1 0 has high temperature capabilities allowing an jn situ heating step following a deposition process 
on the same wafer for a two-step deposition/ref low process, or an in situ heating step concurrent to a depositionprocess 
on the same wafer for a one-step d^sition/refiow process. For use as a PMD layer formed over high aspect ratio tran- 
sistors or isolation trenches an undoped or doped dielectric film, such as PSG. often requires planarization which is 
important in forming integrated circuit devices. Planarization of a doped dielectric layer may be performed by ref lowing 

35 the layer at high temperatures. Performing reflow also contributes to improving gap-fill of the deposited film, espedally 
for high aspect ratio features on the wafer. Of course, heating steps for other purposes and applications also may be 
performed In CVD apparatus 10. The following heating procedure discussed below serves merely as an exemplary 
heating step which may be used for reflow. but other heating steps for dopant drive-in in some applications or tor other 
purposes also can be done. 

40 According to a specific embodiment, two-step deposition/ref low process is described below. With gate valve 280 
closed, chamber 15 may be maintained at a pressure of about 200-760 Torr (2.66 x 10"* to 1 x 10^ Pa). With the wafer 
and heater 25 in the processing position between about 200-400 mil (10 mm), preferably between about 330-350 
mil(8.3 to 8,8 mm), from distribution plate 20. the wafer and heater 25 are heated to a high temperature of between 
about 500-800'*C. preferably between about 550-650**C. in chamber 15. for deposition processing. Stopping reactive 

45 gas flows, the wafer may then be heated at between about 750-950''C, preferably between about 750-850°C for about 
5-30 minutes, preferably about 15-20 minutes, in order to reflow the dielectric layer, according to a specific embodiment. 
The reflow temperature may be the same as or higher than the deposition temperature in the two-step process. Further, 
for a nrujitiple-step depositfon/reflow process, the temperature may be ramped from the deposition temperature to an 
intermediate temperature (or intermediate temperatures) before being ramped to the reflow temperature. Of course, the 

so time and tenperature for the heating steps may differ depending on the particular application being performed and on 
the particular layer being formed. 

According to another ^ecif ic embodiment, a one-step deposition/ref low process is described. With gate valve 280 
closed, chamber 15 may be maintained at a pressure of about 200-760 (2.66 x 10* to 1 x 10® Pa). With the wafer and 
heater 25 in the processing position between about 200-400 mil (5 to 10 mm), preferably between about 330-350 

55 mil(8.3 to 8.8 mm), from distribution plate 20. the wafer and heater 25 are heated to a high enough temperature of 
between about 750-950°C. preferably between about 750-850*0. in chamber 15. for simultaneous deposition and 
reflow processing to occur. Of course, the time and temperature tor the deposition/jref low step may differ depending on 
the particular layer being formed. 
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the cleaning procedure is performed, microwave power of between about 500-2500 Watts is applied to applicator tube 
292. Preferably, magnetron 71 1 provides about 2.45 GHz microwaves and is operated in CW mode at about 2 1 00 Watts 
for the preferred clean gas flow of about 950 seem. The microwaves are transmitted from magnetron 71 1 through the 
waveguide and optimizing system to enter applicator tube 292 through the window, as discussed above. UV lamp 731 

5 ignites the reactive gases in applicator tube 292 to form a plasma, with ionizatbn sustained by the miaowave energy 
entering applicator tube 292 at the window. 

During the chamber dean step, fluorine radicals from the plasma formed in applicator tube 292 to which miao- 
waves are applied may then flow through opened gate valve 280 and into chamber 15 to clean surfaces of undesired 
oxide residues. Since the plasma is formed upstream of chamber 15. only the reactive fluorine radicals In the plasma 

10 are able to reach and remove the residue built-up portions of chamber 15. Therefore, various portions of chamber 15 
are cleaned of deposition process residues while minimizing direct plasma damage to the chamber 15. The chamber 
clean lasts between about 30 seconds to about 1 0 minutes, preferably between about 60-200 seconds, and most pref- 
erably for about 160 seconds. Of course, the chamber dean time may vary depending on the thickness and type of 
oxide residue in chamber 15. As mentioned above, it is recognized that flow values may differ depending on the size 

15 and type of the chamber, as well as the dimensions and material of the applicator tube, used in other embodiments. The 
above-described clean process also reduces backside undesired residue deposition behind both the blocker and gas 
distribution plates. 

After the chamber dean, additional post-clean steps may be performed. During the post-clean steps, chamber 15 
is preferably maintained at the above temperatures discussed for the above deposition and dean processes. At the end 

20 of the chamber clean step, dean gas flow is stopped and microwave power is no longer supplied. Chamber 15 is 
pumped to remove most of the F residue atoms. During this post-clean pumping step, heater 25 is moved to a position 
of between about 1 500-2200 (37,8 to 55,4 mm), preferably about 2000 mil (50 mm), from gas distribution plate 20 while 
the throttle valve is opened and gate valve 280 remains open. The pumping step lasts between about 5-20 seconds, 
preferably about 10 seconds, depending on the amount of clean gas reactants and residue exhausted out of chamber 

25 1 5. Clean en4)oint detection system also may be utilized to assist in determining the stop time for the post-dean pump- 
ing until substantially all deposition process residues are removed from chamber 15. 

After the fluorine-based chamber cleaning procedure, there may be some adsorption of active fluorine species on 
the surfece of the chamber walls, close to where the wafer would be located when the next deposition process occurs. 
In the next deposition process, the fluaine might then interact or be incorporated into ttie deposited film, causing film 

30 sensitivity at the surface. This film sensitivity manifests itself as a rough surface, which may be problematic with the tol- 
erances required by high integration devices resulting in device malfunctions. The present invention provides the ability 
to getter any adsorbed fluorine from ttie surface of chamber walls by several methods discussed below. 

After the post-clean pumping step, a seasoning may be performed to recombine all free F spedes by either chem- 
ical reaction or trapping the F to ttie chamber walls through silicon oxide (Si02) deposition. The post-clean pumping and 

35 seasoning steps are performed for reducing both particle formation and F content inside subsequently deposited films. 
Optimally, between the post-dean pumping step and seasoning step is another stabilization step to stabilize cham- 
ber pressure and gas flow and to move heater 25 into position for tiie seasoning step. In this stabilization step, gate 
valve 280 is closed and chamber 15 is maintained at a pressure of between about 20-70 Torr (2.66 x 10^ to 9.33 x 10^ 
Pa), preferably 50 Torr (6.66 x 10^ Pa). Heater 25 is also moved to a position of between about 300-550 mil (7.6 to 13.8 

40 mm), preferably about 500 mil (1 2.6). from gas distribution plate 20. In a specific embodiment, tiie seasoning step pres- 
entiy described uses ozone and TEOS with helium as the carrier gas to season chamber 15 for subsequent silicon 
oxide deposition. Of course, other gases may be used in the seasoning and pre-seasoning stabilization steps, depend- 
ing on the type of silicon oxide deposition desired. In the pre-seasoning stabilization step, liquid TEOS at a flow rate of 
between about 200-400 mgm. preferably about 300 mgm. is vaporized and ti-ansported witii a helium carrier gas flowing 

45 at a rate of between about 4000-8000 seem, preferably at about 6000 seem, into chamber 15. Gas flows may be Intro- 
duced into chamber 15 via the normal inlets used for deposition or via applicator tube 292 without application of micro- 
waves. This stabilization step lasts between about 5-25 seconds, preferably about 15 seconds, before the seasoning 
step begins with the introduction of the oxygen source to begin deposition of the seasoning oxide onto chamber 15. In 
the thermal seasoning step, ozone is introduced at the flow rate used for tiie particular deposition process used (e.g.. 

so about 5000 seem for tiie experimental USG deposition process at SSO'^C discussed above, or about 4000 seem for the 
experimental PSG deposition process at 600*C discussed above) for between about 10-20 seconds, preferably about 
15 seconds, to deposit a thin layer of silicon oxide (e.g., ttie experimental USG deposition process having about 12.5 
wt % oxygen, or the experimental PSG deposition process having about 8 wt % oxygen) onto surfaces in chamber 15. 
During the seasoning step, the ozone ftow is optimally consistent with ttie deposition process to minimize any f luctua- 

55 tion in ozone flow and concentration. Seasoning chamber 15 thereby can trap fluorine atoms that may have been 
adsorbed onto the surfaces of chamber 1 5. 

Following ttie thermal seasoning step discussed above, final stabilization and pumping steps may be performed. 
Optimally, these final steps are also performed at the deposition temperatures discussed above. In ttie final stabilization 
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As another alternative to chamber seasoning to provide gettering of fluorine atoms from chamber surfaces. SiH4 
may be flowed at a rate of between about 50-200 seem, preferably about 100 seem, into chamber 15 to purge charrriser 
15. Silane may flow into chamber 15 via line 85 into chamber 15 from one of the other supply sources 90 (Fig. 1C) to 
gas mixing system 93 with dosed gate valve 280. via other purge inlets to chamber 15 with closed gate valve 280. or 

5 via applicator tube 292 with or without application of microwaves and with opened gate valve 280. During the silane 
purge procedure, chamber 15 is maintained at a pressure of about 1-5 Torr (133,3 to 666,5 Pa) and a tenperature of 
between about 300-650*»C, preferably between about 550-600"C. with gate valve 280 closed. Purging chamber 15 
absortjs the F atoms and results in the formation of SiF4 gas. which is then pumped out of chamber 15 via the exhaust 
system. The endpoint detection system, as described above in detail, then allows the system to determine when the 

10 chant)er cleaning process is completely done. 

As a further alternative to seasoning or to purging chamber 15 with silane. as described above, gettering may be 
achieved by providing active hydrogen into chamber 15. Hydrogen (e.g. or other hydrogen source) would be used 
as the "clean gas* supply source at a flow rate of between about 50-200 seem, preferably about 100 seem, and sent via 
switching valve 105 into applicator tube 292 via inlet 57 (Fig. 1C). Magnetron 71 1 is operated at CW mode at a power 

75 le\^el of between about 500-2500 Watts, preferably about 1000 Watts, to provide microwave energy to applicator tube 
292. thereby producing a plasma therein. The active hydrogen from the plasma in applicator 292 would then flow 
through the lined passage in enclosure assembly 200 and into conduit 47 for use in chancer 1 5. Of course, for systems 
which also include RF plasma systems, hydrogen may be introduced into chamber 15 and RF energy applied in cham- 
ber 15 to provide the active hydrogen. During the gettering procedure, chamber 1 5 is maintained at a pressure of about 

so 1 -2 Torr (1 33.3 to 266.6 Pa) and, optimally, at the deposition temperature of about 300-650*C. preferably between about 
550-600°C with gate valve 280 open. The active hydrogen reacts with the adsorbed fluorine to produce hydrogen fluo- 
ride (HF) vapor which may then be pumped out of chamber 1 5. An endpoint detection system, operating on similar prin-. 
eiples as the endpoint system described above but to detect changes in light intensity due to absorbance by HF, may 
also be used. 

25 Yet another altemative to seasoning, purging chamber 1 5 with silane. or using active hydrogen, is to provide ammo- 
nia into chamber 15. Ammonia (NH3) would be used as the "clean gas" supply source in gas panel 80 at a flow rate of 
between about 50-200 seem, preferably about 1 00 seem, and sent via switching valve 1 05 into applicator tube 292 via 
inlet 57 (Fig. 1C). Magnetron 71 1 is operated at CW mode at a power level of between about 500-2500 Watts, prefera- 
bly about 1000 Watts to provide microwave energy to applicator tube 292. thereby producing a plasma therein. The 

30 ammonia from the plasma in applicator 292 would then flow through the lined passage in enclosure assembly 200 and 
into conduit 47 for use in chamber 15. During the gettering procedure, chamber 1 5 is maintained at a pressure of about 
1-2 Torr (133.3 to 266.6 Pa) and. optimally, at the deposition temperature of between about 300-650"C. preferably 
between about SSO-eoO^'C with gate valve 280 open. The ammonia reacts with the adsorbed fluorine to produce an 
ammonium fluoride compound and HF vapor which may then be pumped out of chamber 15. Of course, for systems 

35 which also include RF plasma systems, ammonia may be introduced into chamber 15 and RF energy applied in cham- 
ber 15 to provide the ammonium fluoride compound and HF An endpoint detection system, operating on similar princi- 
ples as the endpoint system described above but detecting light intensity changes due to absoibance by ammonium 
fluoride and HF, may also be used. 

Although the cleaning process conditions described aboy/e are exemplary for the present embodiment, other con- 

40 ditions may also be used. The above description discusses NF3. merely as an example, in a Giga FillO Centura cham- 
ber available from Applied Materials fitted for 200-mm wafers and having 6 liters total volume, as do the various 
deposition descriptions below. However, other fluorine-containing or chlorine-containing gases, such as NF3 and argon. 
NF3 and N2. NF3 and O2, NF3 and atomic oxygen generated by miaowave plasma system 55. dilute F2, CF4. C3F8, 
SFg. C2Fg. CI2. etc., may be used as well. Other gases besides those described above also may be used for the get- 

45 tering procedure. Also, pre-seasoning stabilization steps would vary depending on the particular type of seasoning/get- 
tering process selected from the various alternatives to the above discussed thermal seasoning. The above 
descriptions for cleaning, gettering, and seasoning are stated to occur at preferred temperatures (for example, about 
550-600<*C). but It is noted that, most preferably, chamber 15 is maintained at the same temperature at which the par- 
ticular process is being run in chamber 15. Of course, different tenperatures also may be used in other embodiments. 

so Further, some embodiments may combine, add, or eliminate some portions of the cleaning, gettering, and seasoning 
steps described above. 

III. Test Results And Measurements 

55 A. Ultra-shgllpw Poped junctions 

To demonstrate the operation of the apparatus and method according to embodiments of the present invention, 
experiments were perfamed measuring the sheet resistivity and junction depths of ultra-shallow junctions formed using 
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known to those skilled in the art. 

Specrfically, Rg. 22A is a graph showing the dopant profile of an ultra-shallow junction formed after a heating step 
using a 6.131 wt % BSG layer having a USG capping layer. The BSG film was abocA 1 50 A thick and the USG capping 
layer deposited on top of the BSG film was about 200 A thick. The heating step was performed by a rapid thermal proc- 

5 ess for about 60 seconds at about 1050^0. The BSG and USG films were then stripped by etching. As seen in Rg. 22A. 
the resulting junction has a depth of about 0.06 mm in the silicon substrate, and the dopant profile appears fairly uni* 
fam. The maximum concentration of boron is about 6x10^^ carriers/cm^. The sheet resistance of the resulting junction 
was measured to be about 685 W/cm^. The 4pp sheet resistance was measured to be about 222 W/cm^, with the sum- 
mation of dose ions in the P type layer measuraJ (Sp) being 1.6x10^"^ carriers/cm^. 

10 Rg. 22B illustrates the dopant depth profile as measured by SIMS for an ultra-shallow junction described in Fig. 
22 A. From the surface of the silicon substrate to a depth of about 100 A from the surface, the concentratiori of boron 
ranges between about 2x1 0^® carriers/cm^ to about 1x10^^ camers/cm^. Between about 100 A to about 300 A from the 
surface of the silicon substrate, the concentration of boron ranges between about 1x10^^ carriers/cm^ to about 3x10^^ 
carriers/cm^. Below about 300 A from the surface of the silicon substrate, the concentration of boron, silicon, and oxy- 

IS gen diminishes rapidly indicating the bulk substrate. The steep shallow junction shown in Fig. 228 demonstrates the 
dopant incorporation possible according to an embodiment of the present invention. 

Fig, 22C is a graph showing the dopant profile of an ultra-shallow junction formed wrthout the heating step using a 
6.131 wt % BSG layer having a USG capping layer. The BSG film was about 150 A thick and the USG capping layer 
deposited on top of the BSG f im was about 200 A thick. No heating step was performed. The BSG and USG films were 

20 stripped by an etching technique. As seen in Fig. 22C. it appears a junction with a depth of about 0.025 mm has formed 
despite the lack of a heating step. Apparently, the junction has formed due to the high dopant concentration of boron in 
the BSG film diffusing into the silicon substrate even without a heating drive-in step. The maxinuim concentration of 
boron is about 7x1 0^^ carriers/cm^. The sheet resistance of the resulting junction was measured to be atx)ut 55 W/cm?, 
with the summation of dose ions in the P type layer (Sp) being 4.9x10^ ^ carriers/cm^. 

2S Fig. 23 A is a graph showing the dOpant profile of the junction formed with a heating step using an 8.084 wt % BSG 
layer having a USG capping layer Fig. 23B is a graph comparing the dopant profiles of the junctions formed with the 
same heating step using a 6.131 wt % BSG layer having a USG caf^ing layer and an 8.084 wt % BSG layer having a 
USG capping layer, in order to illustrate the effect of dopant concentration on junction depth. Figs. 230 and 23D show 
the effect of the temperature of the heating step on junction depth and on sheet resistivity, respectively. Figs. 23E and 

30 23F show the effect of the time of the heating step on junction depth and sheet resistivity, respectively. The spreading 
resistance profiles and sheet resistivity measurements of Rgs. 23A-23F here performed using solid state eqDipment 
and four-point probe measurements. 

Fig. 23A is a graph showing the dopant profile of the junction formed with a heating step using an 8.084 wt % BSG 
layer having a USG capping layer. The BSG film was about 150 A thick and the USG capping layer deposited on top of 

35 the BSG film was about 200 A thk^k. A heating step was performed using a rapid thermal process for about 60 seconds 
at at)Out 1 000°c! The BSG and USG films were stripped by an etching technique. As seen in Fig. 23 A, an ultra-shallow 
junction having a depth of about 0.12 mm was formed with good dopant uniformity The maximum concentration of 
boron is about 1x20^^ camers/cm^. The sheet resistance of the resulting junction was measured to be about 145 
W/cm^, with the summation of dose ions (Sp) being 7.9x10^"* carriers/cnf . The 4pp sheet resistance was measured to 

40 be about 96 W/cm^. 

Fig. 23B shows the dopant profiles of the junctions formed with a heating step using differ&it boron wt % BSG lay- 
ers (in particular 6. 1 3 1 wt % and 8.084 wt %) having USG capping layers. The BSG films were each about 1 50 A thick 
and the USG capping layers deposited on top of the BSG films were each about 200 A thick The heating step per- 
famed was a rapid thermal process for about 60 seconds at about lOOO^'C. As seen in Fig. 23B. the resulting junction 

45 depth for the 8.084 wt % BSG film is almost twice as much as the resulting junction depth for the 6. 1 31 wt % BSG film. 
Rgs. 23C and 23D are graphs showing the effect of heating step temperature on dopant profiles and sheet resis- 
tivity, respectively for 6.131 wt % BSG films having USG capping layers. The BSG films were about 1 50 A thick and the 
USG capping layers deposited on top of the BSG films were about 200 A thick. The heating steps were performed using 
a rapid thermal process for about 60 seconds at temperatures of about 900*^0. 950*C, 975*'C. and lOOO^C. As shown 

£0 in Rg. 23C. the junction formed after the heating step at 1 0OO'^C is about 0. 1 mm. compared to the about 0.06 mm junc- 
tion formed after the heating step at the lower tenrperature 975'*C. The sheet resistivity of the 6. 1 3 1 wt % BSG film was 
about 180 W/cm^ for the heating step at 1000'C. and about 600 W/cm^ for the heating step at 975**C. as seen in Fig. 
23D. A higher tenperature heating step (beyond 950*^0) results in a deeper diffusion depth for the shallow junction 
famed. 

55 Figs. 23E and 23F are graphs showing the effect of heating step time on dopant profiles and sheet resistivity, 
respectively, for 6.131 wt % BSG film having USG capping layers. The BSG films were about 1 50 A thick and the USG 
capping layers deposited on top of the BSG films were about 200 A thick. The heating step was performed using a rapid 
thermal process at about lOOO^'C for about 40 seconds and for about 60 seconds. As shown in Rg. 23E, the junction 
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moved lower to a position about 999 mi) (25.17 mm) from plate 20 during the second post-deposition step, which lasts 
at>out 15 seconds, in the third post<ieposition step, which lasts about 3 seconds, the throttie valve is opened and O3 
flow into chamber 15 is terminated by punping it through a final valve. 

The above experimental conditions for the deposition of PSG suitable for being used as a PMD layer are optimal to 

5 provide the best film quality with high throughput. By enhancing surface diffusion at inaeased surface temperature, the 
thermal PSG film deposited using the TEOS/O3 chemistry at temperatures of about 6C0*C exhibited excellent step cov- 
erage, more cross-linked structure, and more stable oxidization structure for P and Si. which yielded excellent film qual- 
ity. The deposited PSG film was high quality in terms of flow-like step coverage, high moisture resistance, high 
breakdown voltage, smootti surface, no surface damage (i.e.. plasma damage), and no fixed charge. The deposited 

10 PSG film exhibited good fim thickness uniformity. Specifically, film thickness uniformity (49 pt.. is) at about 1.2 mm 
thickness of the deposited PSG film was measured to be less than about 1 .5. 

Fig. 24A is a photomicrograph demonstrating the as-deposited gap fill capabilities of PSG films deposited at 600''C 
in accordance vinth a specific embodiment of the present ffivention. In particular, the PSG film deposited at 600^0 was 
shown to be capable of filling high aspect ratio gaps having a height (h) and a spacing (w) without the formation of voids. 

15 as seen in Fig. 24A. Fig. 24B is a simplified diagram (not shown to scale) of a section of the integrated circuit structure 
shown in Fig. 24A. As seen in Fig. 24B. substrate 1200 has stacked gate structures, specificany electrodes 1220 with 
tungsten silicide (WSi) caps 1240. formed thereon. An oxide layer 1260 is deposited onto stacked gate structures to 
form high aspect ratb gaps with h of about 0.35 mm and w of about 0.08 mm shown by dotted lines, as seen in Figs. 
24A-24B. Rg. 24A therefore demonstrates an exemplary structure with high aspect ratio (about 4.3:1) gaps that are 

20 filled by PSG film 1280. which is used as a PMD layer. Deposited at about 600*C using the preferred recipe discussed 
above. PSG film 1280 exhtoits excellent high aspect ratio gap fill capability without the need for a reflow typically done 
at about 750-800'*C. which is often inconsistent with increasingly tight thermal budgets. 

In addition to having excellent gap fill capability for high aspect ratios, PSG films deposited at about 600^C advan- 
tageously are dense films that exhibit high resistance to moisture absorption. Moisture absorption of the deposited PSG 

25 film deposited was measured using conventtonal Fourier Transform Infrared spectroscopy (FTIR) techniques, as are 
well known to one of ordinary skill in the art. Fig. 25 illustrates the FTIR spectra of a PSG film deposited at about 600**C 
under the following exemplary process conditions. According to a specific en*odiment. the exemplary process condi- 
tions include TEOS flow of about 1000 mgm, TEPO flow of about 24 mgm, helium flow of about 6000 seem, and ozone 
(about 12 wt % oxygen) flow of about 4000 seem, at a pressure of about 400 Torr (5.33 x 10^ Pa) and spacing of about 

30 330 mil (8.3 mm) between heater 25 and gas distribution plate 20. The PSG deposition time was about 800 seconds. 
As seen in Fig. 25. the FTIR spectra of the PSG film deposited at about 600'C demonstrated no water spikes indicating 
moisture absorption, and no measurable change in moisture absorption was seen over about 155 hours after deposi- 
tion, illustrating the PSG f Bm stability over extended periods. 

As demonstrated by Fig. 25, the deposited PSG film is dense, resistant to absorbing moisture. Deposition of a PSG 

35 film at high temperatures, tor example at about SOO^'C, tends to drive out any moisture that might be absori3ed into the 
film, resulting in a dense film. As a dense film, tiie PSG film deposited at high temperature has ttie advantage of not 
requiring an additional step for further densification of the film. The dense nature of the deposited PSG film makes it 
compatible for use as a PMD layer which can be planarized either by a subsequent anneal at a temperature greater 
than about lOOO'^C. or preferably by a CMP step. In addition to moisture absorption resistance, the present PSG film 

40 deposited at high temperatures is able to provide good film thickness uniformity, as well as good gap fill without forma- 
tion of voids or weak seams that can cause subsequent device problems. The high temperature PSG film is particulariy 
useful as a PMD layer as it provides good phosphorus incorporation (between about 2-8 wt % phosphorus), which is 
important for gettering or trapping mobile ions such as sodium (Na-t-) ions that might othenn^ise migrate and cause short* 
ing in the device. 

45 The above description of experiments depositing and measuring characteristics of the deposited PSG film demon- 
sti^ates its suitability for use. for example, as a PMD layer. However, the description should not be conskjered as limiting 
the scope of the invention. 

C. USG For Oxide Filling Laver In Shaltow Trench Isolation 

so 

To demonstrate tiie operation of the apparatus and method according to embodiments of the present invention, 
experiments were performed to deposit a USG film, for example, as a high quality oxide filling layer for shallow trench 
isolation. Prior to the deposition of USG film as the high quality oxkle filling layer, the wafer has typically been subjected 
to multiple processing steps to form, for example, gate electrodes. oxkJe sidewalls. isolation trenches, etc. In the exper- 
55 iments. the USG films were deposited in a resistively-heated Qga Filid Centura chamber (a closed system having a 
total volume of about 6 liters and outfitted for 200-mm wafers) manufactured by Applied Materials. Inc. 

In the experiments, pre-deposition steps were performed to bring chanrtoer 15 to the desired deposition pressure 
and to stabilize the gas/liquid flows before depositing the USG film as a filling layer on a wafer. Of course, it is recog- 
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USG film deposited at about 550*C after a reflow at about lOSO'^C and a subsequent wet etch processing. The USG 
film deposited at about 550'C is capable of filling high aspect ratio gaps without the formation of voids after reflow, 
unlike USG films deposited at 400*C. as seen from Rgs. 26A and 26B. After etch processes at very uniform etch rates. 
USG films deposited at about SSO^'C retain their superior step coverage without opening up voids. 

5 As further evidence of the high aspect ratio gap filling capability of USG films deposited at about 550X. Rg. 27 is 
a photomicrograph demonstrating the gap fill capability of the deposited USG film after an anneal at ^out lOOO'^C and 
a subsequent wet etch processing, in accordance with a specific embodiment of the present invention. Rg. 27 shows a 
trench structure having about 0.16 mm width and about 0.48 mm depth (about 3:1 a^ect ratio gap) with a filling layer 
that is a USG fflm deposited at about 550*C after a reflow at about 1 000**C. The trench structure of Fig. 27 has a smaller 

10 spacing and a higher aspect ratio than the trench structures shown in Rgs. 26A and 26B. illustrating the superior gap 
filling capability of the USG film deposited at about SSO^'C. 

In addition to having excellent gap fill capability for high aspect ratios. USG films deposited at about SSO^'C advan- 
tageously are dense films that exhibit high resistance to moisture absorption. Moisture absorption of the deposited USG 
film deposited was measured using conventional FTIR techniques. Fig. 28 illustrates the FTIR spectra of a USG film 

15 deposited at about 550*^0 under the following exemplary process conditions, according to a specific embodiment. 
According to the spedfic embodiment, the exemplary process conditions include TEOS flow of about 2000 mgm. 
helium flow of about 7000 seem, and ozone (about 12.5 wt % oxygen) flow of about 5000 seem, at a pressure of about 
600 Torr (8 x 10^ Pa) and spacing of about 350 mil (8,8 mm) between heater 25 and gas distribution plate 20. As seen 
in Rg. 28, the FTIR spectra of the USG film deposited at about 550*'C demonstrated low moisture absorption (less than 

20 about 1 wt % moisture). Further, Fig. 28 also illustrates that a moisture increase of less than about 0.5 wt % moisture 
in the USG film was seen over about 160 hours after deposition, indicating tie stability of the USG film over extended 
periods. 

Accordingly, as supported by Fig. 28. the deposited USG film is dense, resistant to absoibing moisture. Deposition 
of a USG film at high temperatures, for example at about 550**C. tends to drive out most moisture that might be 

25 absorbed into the film, resulting in a dense film. As a dense film, the USG film deposited at high temperatures of at least 
about 550^0 has the advantage of being less prone to shrinkage that might result in void formation after an anriealing 
step and a subsequent wet etch processing, compared to USG films deposited at lower temperatures. The dense 
nature of the deposited USG film makes it compatible for use as a high quality oxide layer for filling trenches used in 
shallow trench isolation applications. Due to its high density, USG films deposited at high temperatures and used as 

30 oxide filling layers can be planarized by either a subsequent anneal or a CMP step, with minimized likelihood of opening 
up voids. In addition to moisture absorption resistance and good film thickness uniformity, the present USG film depos- 
ited at high temperatures provides excellent high aspect ratio gap fill without formation of voids or weak seams that can 
cause subsequent device problems. 

In general, high pressure O3/TEOS USG films may exhibit pattern or surface sensitivity effects, resulting in uneven 

35 deposition, which is undesirable. It has been seen that problems with uneven deposition are worsened with higher 
O3/TEOS ratios. Advantageously, deposition of USG films at high temperatures such as at least about 550**C requires 
use of more TEOS in order to achieve adequate deposition rates. Accordingly, the O3/TEOS ratio of USG films depos- 
ited at high temperatures is low (less than about 5:1). thereby eliminating any pattern or surface sensitivity effects. 
Moreover, the fHm quality (e.g.. density, shrinkage, etc.) is high for USG films deposited at high temperatures. Because 

40 of the high density of these high temperature deposition USG films, plasma densification treatments or plasma oxide 
caps are not needed, thereby avoiding any plasma damage to the wafer. The lack of a plasma from such treatments in 
the chamber thus reduces possibility of metal contamination and potential shorting of devices in the wafer. Compared 
to low tenrperature thermal USG films, which often require a plasma densification treatment or plasma oxide cap and 
may shrink to open voids after an anneal, thermal USG films deposited at temperatures of about 550°C exhibit excellent 

45 gap fill capability, minimal shrinkage, and uniform film density, and low metal contamination, without plasma damage, 
in accordance with the present invention. 

The above description of experiments demonstrates the suitability of the deposited USG film for use. by way of 
example, as a high quality oxide layer for filling high aspect ratio trenches for shallow trench isolation. The same CVD 
apparatus also may be used to deposit USG films at temperatures lower than 500''C for IMD applications. Of course. 

so the above description should not be considered as limiting the scope of the invention. 

It is to be understood that the above desaiption is intended to be illustrative and not restrictive. Many embodiments 
will be apparent to those of skill in the art upon reviewing the above description. By way of example, the inventions 
herein have been illustrated primarily with regard to a USG, BSG. PSG, and BPSG process recipes, but they are not so 
limited. For example, the dielectric f ilrti formed according to other embodiments may be an arsenic doped silicon oxkie 

55 film, or other doped film. As another example, the deposition of dielectric films has been described using carrier gas 
such as helium, but other canier gases like argon or nitrogen, may be used as well. As a further example, dielectric lay- 
ers have been described for particular applications, including doped junction formation, PMD layers. IMD layers, oxide 
filling layers. capf>\nQ layers, etc. Of course, it is recognized that the same CVD apparatus discussed above may be 
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used to deposit dielectric layers at temperatures lower than about 400'C as well as tomr>oruh,r^ »k « 
tionaily. various aspects of the present invention may also be ^to oftt^l^S^^ 

J! H ^- should, therefore, be deter^Tnol nS fJ^SS ^ 

Claims 

»o 1. Method o( processing a substrate on a heaterin a vacuum chamber comprising: 

- heating the heater to a temperature greater than about SOO'C in said vacuum chamber 

- mantainnig a pressure of between about 10-760 Torr (1.3 x 103 ,o i x 10^ Pa), within the vacuum chamber; 

IS - introducing one ormore process gases into said vacuum chanijer 

- whereby a dielectric layer is deposited on the substrate in said vacuum chamber 

2. Method of cWm 1, wherein said heating step is carried out during or after the depositing step. 

^ ^" 5!!!';?^*''^'" V'^''®'"'^'^^^*'"^^^^*^*^*'^'^^^^^^ prefer- 
ably to a tempe^ture grater than about 700-C. and most pref e««y to a temperaLe great^ JTaSS^^oT 



25 

5 



30 



Method of claim 1 . wherein the depositing step is a thermal piocess carried out in the absence of plasma. 

suSJr^""" '^^'^ °' ^^'""^^ a ^'f^ in said vacuum chamber said 

surface compnsuing the substrate and/or surfaces of said vacuum chamber. 

^' 6 ftirther comprising the step of depositing a second dielectric layer on the substrate in theliac- 

uum chamber, said second depositing step occuring after said first depositing step 

8. Apparatus for tabricating an integrated circuit device conprising: 

35 

' nL«t?7'Il°"^"^ a processing chamber, said processing chamber including an inlet forflowing process 
gas^ onto sa.d processing chamber, an outlet for exhausting used process gases from said cLoSna S 

r oTx iPriTl 0?riS rr ^ ''"^^ ^ ^'^^ pressureTbS^nS- 

s.*«t::ii;^llrg;h°e^^^^^^^ 

- wherein said substrate support surface and at least a substantial ponton of sad internal surfaces of said endo 
sure are compr«ed of a material resistant to deposition or attack Jom chemistry oS ^i?gUs at 1-' 
peratures greater than about SOO-C. «»"H'W'es5 gases at lem- 

45 9. fPParatusof claims. Wherein said substrate support surface indudes a heater elemeritcaoable Of bei^^ 

temperatures greater than about 500'C. preferably greater than about eso-C ^'^^^''^"^^"'^'"S Seated to 

°* '"1'" ®' "^^^^ ^ ^ ^ portion of said internal surfaces includes a orocessina 

^ chamber liner sttetantially adjacent the edges of said substrate support surface. ^ 

11. Apparatus of claim 8, further comprising a renrwte plasma system coupled to said inlet by a lined oassaoe said 
remote plasma system providing process gases comprising a cleaning gas. ^ ^ ' 
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14. Substrate processing apparatus comprising: 

• a processing chamber, said processing chamber including interior walls and a ceramic liner, said ceramic liner 
lining at least a portion of said interior wails: 

5 a vacuum system configured to maintain a selected pressure within said processing chantf)er; 

a gas delivery system configured to deliver selected reactive gases to said processing chamber said gas deliv- 
ery system including a deposition supply system and a dual input box having a first input and a second input, 
said gas delivery system configured to introduce said selected reactive gases into said processing chamber 
via a selected input of said dual input box at a selected time, and said deposition supply system configured to 

10 deliver first reactive gases from said first input to said processing chamber when said first reactive gases are 

said selected reactive gases; 

- a remote microwave plasma system configured to produce and deliver second reactive gases from said sec- 
ond input to said processing chamber when said second reactive gases are said selected reactive gases; 

- a heating system configured to heat said processing chamber, said heating system including a heater for 
15 placement of a substrate, said heater comprisesd of a ceramic exterior and said heater capat^le of heating up 

to at least about SOO'^C; 

- a controller configured to control said gas delivery system, said remote microwave plasma system, said heat- 
ing system, and said vacuum system; and 

- a memory, coupled to said controller, comprising a 

20 

computer-readable medium having a computer-readable program embodied therein for directing operation 
of said substrate processing system, said computer-readable program Including: 
a first set of computer instructions for controlling said gas delivery system to introduce first reactive gases 
from said first input during a first time period into said processing chamber to deposit a dielectric layer, 

2S wherein said first set of computer instructions includes: 

a first subset of computer instructions br controlling said vacuum system to maintain a pressure of 
between about 10*760 Torr (1.3 x 10^ to 1 x 10^ Pa) within said processing chamber; and 
a second subset of conputer instructions for controlling said heating system to heat said heater to a 
selected temperature of between about 200-650''C during said first time period; 

30 and a second set of computer instructions for controlling said gas delivery system to introduce said second 

reactive gases from said second input during a second time period into said processing chamberrwherein 
said second set of computer instructions includes: 

a third subset of computer instructions for controlling said remote microwave plasma system to provide 
said second reactive gases into said processing charrber during said second time period; and 
35 a fourth subset of computer instructions for controlling said vacuum system to maintain a pressure 

between a predetermined pressure range within said processing chamber during said second time period. 

1 5. Apparatus of claim 1 4, said computer-readable program further comprising: 

40 - a third set of computer instructions for controlling said gas delivery system to introduce no reactive gases dur- 
ing a third time period into said processing chamber to perform a heating step during a third time period, 
wherein said third set of computer instructions includes: 

a fifth subset of computer instructions for controlling said vacuum system to maintain a pressure of between 
about 10-760 Torr (1,3 x 10^ to 1 x 10^ Pa) within said processing chamber; and 
45 - a sixth set of computer instructions for controlling said heating system to heat said heater to a selected tem- 
perature of between about 750-850**C during said third time period. 

1 6. Apparatus of any of the claims 8 to 1 4, wherein said first reactive gases include TEOS and O3 to deposit said die- 
lectric layer comprising silicon oxide. 

so 

1 7. Apparatus of any of the claims 8 to 1 4. wherein said first reactive gases also includes dopants, wherein said silicon 
oxide is a doped silicon oxide. 

18. Apparatus of claim 1 7, wherein said dopants comprise phosphorus, wherein said doped silicon oxide is PSG. or 
55 wherein said dopants comprise boron, wherein said doped silicon oxide is BSQ. or said dopants comprise phos- 
phorus and baon. wherein said doped silicon oxide is BPSG. 



1 9. Apparatus of claim 1 8. wherein some of said dopants are from TEPO and/or TEB. 



10 
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2a ^Parat"sofanyoftheclaims8to 19. wherein saidfirstreadivegasesalsoindu^ 

group consisting of hefium. nitrogen and aigon. asoinauae a earner gas selected from the 

21. ^a^atusofanyoftheclaims8to20. wherein said ceranilcexteriorisconiDrlsedofan«^^^ 

sisting of aluminum nitride and aluminum oxide. «»niprisea ot a matenal from the group con- 

22. Apparatus of any of the claims 8 to 21 , wherein 



23. Apparatus of daim 22. wherein said liner is comprised of PTFE 
^ 24. '^'atusofanyoftheclaims8to23.whereinsaidsecondreactivegasescompnsefluor^ 
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